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Abstract
Frequency Swept Sources are lasers with a periodically modulated frequency,
over a wide scanning range. They are widely used in Optical Coherence
Tomography (OCT) for medical imaging and metrology. The narrow
instantaneous linewidth of a swept source is required for longer OCT imaging
depths.
The goal of the project is to investigate the mechanism that deteriorates the
coherence of a swept-source laser by analyzing its properties under external
injection and investigate the possibilities for a phase-locked laser operation,
in order to control the coherence properties.
The laser under study was a semiconductor ring fiber-based cavity laser,
incorporating a tunable narrow transmission bandwidth optical filter. The
properties of the laser were analyzed in the regime of a fixed wavelength and
in a slow filter sweeping regime. Above the lasing threshold, the laser
exhibited periodic stable power dropouts. These drops are similar to the
stable Nozaki-Bekki holes (NBH) described in Complex Ginsburg-Landau
equation. The origin of the drops is attributed to the presence of the alpha
factor, inherent to the semiconductor material of the gain medium, the finite
filter transmission bandwidth and the injection current. The properties of the
holes were also investigated as a function of the bias current, transmission
wavelength, and the filter sweep. The coherent optical injection was applied,
and the possibility of locking was demonstrated, however, the locking regime
could only be observed over a short period of time, due to the drift of the filter
transmission. The incoherent optical injection was applied to localize the
holes and study their dynamics.
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Thesis outline
Long cavity fibre-based wavelength sweeping lasers are promising
devices with a wide range of future potential applications from
communications to life sciences. For example, Fourier Domain Mode-Locked
Lasers, which are commonly used for Optical Coherence Tomography
imaging applications, are long cavity lasers incorporating an intra-cavity
resonator driven in resonance with the cavity round trip time. The coherence
properties of such swept sources are of major importance as they define
image quality. The purpose of this work is to analyse the mechanism that
deteriorates the coherence of long lasers. In this thesis, the dynamics of a
swept-source laser under the influence of external injection is analyzed. The
swept-source laser used for the analysis was a fiber-based ring cavity laser
operated at the slow-scanning regime.
Chapter 1 introduces the concept of a long cavity laser and gives
overview of technologies of semiconductor lasers operating in a swept source
regime. Understanding the dynamical regimes of the ring cavity
semiconductor laser is important for its applications as a swept source. As a
multimode system, it also provides an excellent testbed for studying nonlinear dynamics in complex systems.
Chapter 2 explains the physics of semiconductor lasers based on the
rate equation. Chapter 3 provides the overview of the dynamical regimes of
The long cavity laser operating in a static, quasi-static and Fourier domain
mode locked regimes. In Chapter 4, the background theory and concepts of
optical injection are explained. It is demonstrated that the ring cavity laser

xii

can be locked to the continuous wave master laser and demonstrate various
dynamical features depending on the detuning.
In Chapter 5, incoherent optical injection at a bias current close to
threshold is used in order to analyze the dynamics of a long cavity laser. The
laser demonstrates different regimes as a function of injection current. The
formation of localized structures is discussed.
The observations of the laser dynamics during its turn on are discussed
in Chapter 6. The fiber ring cavity laser is made to turn on and off periodically
so that the dynamics during its startup can be analyzed. Chapter 7 provides
the conclusions and outlines future work.

xiii

Introduction

1 Introduction
1.1 Lasers
Lasers are light sources which produce a monochromatic, coherent and
highly collimated intense stream of light. The stream of the laser light is
formed by photons with a fixed phase relationship between each other,
therefore the laser light is characterized by an extremely narrow linewidth
when compared to other conventional light sources like an incandescent
bulb, fluorescent bulb, tungsten lamp etc. The conventional light source
produces light due to various processes like thermal emission, fluorescence
emission etc, whereas, laser light is produced due to stimulated emission of
radiation. Also, a laser beam has a very low divergence, which means it can
travel over a large distance or can be focused on an extremely tiny spot with
high intensity. Because of all these features, lasers have become one of the
essential pieces of technology in the modern world.
Max Plank in 1900, postulated the theory that energy can be emitted or
absorbed in quanta which are individual packets of energy [1]. He also
deduced the equation relating the energy and the radiation frequency.
Planck’s work inspired another well-known scientist, Albert Einstein. In
1917, Albert Einstein introduced probability coefficients for spontaneous
absorption and spontaneous and stimulated emissions of electromagnetic
(EM) radiation [2]. This established the theoretical grounds for the principles
of operation of lasers. However, it took another 43 years for scientists and
engineers to provide experimental evidence of the lasing process. The first
laser was developed by Theodore Maiman [3] using a ruby rod which was
optically pumped and emitted light at 690nm (Figure 1). Following the
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pulsed ruby laser, the first Helium-Neon (He-Ne) laser was developed in
1962 [4], and within a year, four independent research groups [5]–[8]
developed the first semiconductor lasers. These semiconductor lasers
consisted of a p-n junction made from GaAs and operated in forward bias
configuration, hence coining the name ‘diode laser’.

Figure 1. One of the early ruby lasers invented and designed by Maiman, which consists of three loop
flashlamp, ruby road and silver reflectors. Photo credit: HRL Laboratories, LLC

Firstly, the use of lasers was only limited to scientific research, and it
was not until the 1980’s that practical applications of lasers were found.
Barcode readers and compact disc reader/writers were the two of the most
fundamental applications in which lasers were used. With the increase of
applications, the demand for the invention of new high-performance lasers
also grew. Narrow linewidth and energy efficient lasers were vital for the
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further development of laser science. At present, there are many kinds of
lasers in use, from massive installations emitting intense pulse of high energy
radiation (X-rays) to micron-sized lasers etched on to semiconductor chips
producing infrared or visible laser light.
Today, lasers are an essential technology in the information sector [9],
used for data storage, barcode scanning and telecommunications, in geomapping [10] for surveying, environmental studies and measurements, in
automobiles [11] as LIDARS for self-driving cars, in chemical analysis [12] for
food quality monitoring, in pharmaceutical industry, for material synthesis,
in manufacturing industry [13] for cutting, welding, printing and etching and
in medicine [14] for imaging and surgery. Optic fiber is one of the most
important telecommunication technologies that uses light. Optic fiber
communication has revolutionized the telecommunications industry and has
become indispensable. One of the main advantages of using fiber optic cables
for communication is the lower loss levels compared to any other mode of
communication. Fiber optic communications have enabled much higher data
rates. In biomedical applications optical fiber is an attractive technology due
to its intrinsic physical properties combined with its versatility in remote
sensing.
Over the past half a century, lasers have been one of the most critical
enabling technologies developed. The human dependency on lasers is so
diverse that it is difficult to evaluate their impact. Lasers drive not only the
modern communication and data manipulation economy, they are also vital
research tools, without which the progress of modern medicine, science, and
technology would be hindered.

3

Introduction

1.2 Long cavity lasers
The three basic components of a laser include a gain medium, a pump
mechanism and a resonator cavity. The gain medium is provided by a material
which possesses quantum properties suitable for amplification of light by
means of stimulated emission. In the gain medium, the transition of carriers
from the excited state with the higher energy level (𝐸𝑥 ) to the ground state
with lower energy level (𝐸0 ) results in emission of radiation. A gain medium
can either be in a molecular state, where interaction between two or more
elements is used to achieve energy transfer, such as HeNe [4], CO2 [15],
GaAs [16], or in an atomic state, where one single element is used, for
example Ar [17] or Kr [18].
Semiconductor materials are most commonly used as a gain medium
due to their versatile characteristics. The main advantage of a semiconductor
gain medium is its response to electrical pumping with very high efficiency.
Laser pumping is the process of energy transfer from an external source into
the gain medium. The energy from the pump is absorbed to move the atoms
to the excited state to create a population inversion. There are several types
of pumping mechanisms, the most commonly used are optical pumping [19]
and electrical pumping [20].
The optical cavity creates necessary conditions for stimulated emission
to become predominant over spontaneous emission and to select the lasing
modes. The simplest resonator configuration consists of a gain medium
sandwiched between two reflective mirrors separated by a distance l. The
allowed modes of this cavity are defined by
𝜆
𝑙=𝑚 ,
2

(1)
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where m is an integer (a mode order), and 𝜆 is the wavelength.
The mode spacing ∆𝜈 is given by
∆𝜈 =

𝑐
,
2𝑛𝑙

(2)

where n is the refractive index of the gain medium material, and 𝑐 is the speed
of light in vacuum.
Spectral linewidth ∆𝜐𝑙𝑖𝑛 of a Fabory-Perot diode laser is given by [21]
∆𝜐𝑙𝑖𝑛 =

𝜐𝑔 ℎ𝜐Γ𝑔𝑅𝑚 𝑛𝑠𝑝
(1 + 𝛼 2 ),
𝜋𝑃

(3)

where 𝑅𝑚 is the mirror losses, 𝜐𝑔 is the group velocity of light, ℎ𝜐 is the
photon energy, Γ is the optical confinement factor, 𝑔 is the bulk gain at the
threshold, 𝑛𝑠𝑝 is the spontaneous emission factor, 𝑃 is the laser output power.
𝛼 reflects the strong amplitude-phase coupling of the lasing field in a
semiconductor laser.
Long lasers, or external cavity lasers (ECL), comprised of a gain
medium and a cavity, whose length is not limited to the length of the gain
medium. External cavity lasers appeared just after lasers were invented.
Several papers on external cavity lasers were published during the late
1960s, and 1970s [22]–[30]. The spectral characteristics of external cavity
semiconductor lasers were first studied by Fleming and Mooradian in
1981 [31]. During the 1980s British Telecom Research Laboratories (BTRL)
played a key role in developing ECLs being motivated by their use as
transmitters and oscillators in laser-based optical communication
systems [32], [33]. Followed by BTRL, AT&T Bell Laboratories and Center of
National d’Etudes des Telecommunications (CNET) in Spain contributed
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towards the development of ECLs. It was not too late for corporate telecom
companies to realize the importance of ECLs (especially, distributed feedback
lasers (DFB) and distributed Bragg reflector lasers (DBR)) used in the optical
communication industry.
Generally, an external cavity can be accomplished in free space by a
set of carefully aligned lenses and mirrors or configured as a fibre-based
external resonator. The cavity length can vary between few centimetres, as
in micro-electro-mechanical system (MEMS) external cavity lasers [34], to a
few 10’s of km in Fourier Domain Mode Locked (FDML) lasers [35] or several
hundreds of km’s, as in an ultralong Raman laser [36]. Assuming that mirrors
in external cavity lasers are nonselective and photon lifetime is significantly
larger due to loss-free propagation over the external cavity length L > 𝑛𝑙, the
cavity mode spacing for an external cavity laser is given by
Δ𝜐𝐸 =

𝑐
.
2(𝑛𝑙 + 𝐿)

(4)

Based on the geometry of an external cavity, ECLs can be divided into
two major groups: Fabry–Pérot extended cavity lasers and ring cavity lasers.
The Fabry–Pérot is the basic form of the laser cavity used in the first laser
configuration demonstrated in 1960. Fabry–Pérot extended cavity
configuration consists of the gain medium and a set of mirrors placed on
either side of the gain medium to form standing waves of 𝜆𝑚 (Equation (1)).
A change in the length of the cavity results in a shift of the mode frequency.
Fabry–Pérot extended cavity lasers can be subdivided into two types based
on the cavity extensions, i.e. single or double-ended external cavity.
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(A)

(B)

Figure 2. (A) Schematic of the basic external cavity laser. HR- high reflecting coating, AR- antireflecting
coating, L-lens, and PRM- partially reflecting mirror. (B) Schematic of a single-ended ECL with a
wavelength tunable element.

Single-ended external cavity lasers comprise of a semiconductor gain
chip, with an anti-reflection coating on one of its facets. This coating mitigates
any reflections caused due to the transmission of light to and from the gain
medium. The light is coupled into the gain medium through external optics.
A simple form of this configuration is shown in Figure 2(A), another form
which involves a wavelength tunable element is shown in Figure 2(B). The
tuning element can be a mechanically tuned filter i.e. diffraction gratings,
distributed Bragg reflectors, or an electronically controlled filter i.e.
birefringent filter, acousto-optic tunable filter.
When a semiconductor gain medium acts as a cavity itself ( the facets
have an anti-reflective coating), then the external mirror serves as a
mechanism to provide optical feedback into the cavity. Depending on the
distance between the main cavity and external reflector and the reflectivity
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of the SOA front face, the behaviour of ECL characteristics changes because
of external feedback. The presence of external injection can stabilize the
lasing and lead to the linewidth narrowing. At sufficiently strong external
optical feedback, the dynamics such as multistability and hysteresis were
observed. Since SOA’s active region refractive index have a strong
dependency on the temperature and excited carrier density, multi-stability
can show up easily when compared to other lasers.
A double-ended external cavity laser (Figure 3) contains a
semiconductor gain medium with antireflection coatings on both facets.
External cavity sections are present on both facets of the gain medium, and
lossless mirrors are used to reflect the light back into the gain medium. One
of these mirrors can be made to be partially transmitting and would serve as
an output coupler. One of the external cavity sections can contain a
wavelength filtering component, if wavelength tuning is required.

Figure 3. Schematic of a double-ended external cavity laser.

Another type of external cavity lasers are ring cavity lasers (RCL)
(Figure 4). In contrast to a linear laser resonator, a ring resonator allows for
two different directions of light propagation in the cavity but by using optical
isolators, unidirectional light propagation can be achieved. A wavelength
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tuning mechanism can also be introduced into the cavity. The output coupler
is provided by a partially reflecting mirror.

Figure 4. Schematic of a ring cavity laser [37].

When the ring cavity is built in free-space, there is a difficulty in the
alignment of free-space optical components. To avoid alignment of free-space
optics, a fiber-based ring cavity laser can be considered similar to that shown
in Figure 5. The key components of the fiber based RCL are a semiconductor
optical amplifier (SOA) as gain medium, several isolators to ensure
unidirectional light propagation, a Fabry–Pérot tunable filter (FFP-TF) for
wavelength tuning and a fiber-based beam splitter as an output coupler.
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Figure 5. Schematic of a fiber-based ring cavity laser. PC: Polarization Controller; ISO: Isolator; SOA:
Semiconductor Optical Amplifier; FFP-TF: Fiber Fabry–Pérot Tunable Filter; SG: Signal Generator to
control the filter transmission; 50/50 coupler is the beam splitter used as an output coupler.

Laser diodes are subjected to multimode operation and broad
linewidth due to semiconductor’s inherent broad gain spectrum [38] and are
sensitive to optical feedback. To achieve a single mode operation in a Fabry–
Pérot laser diode, a wavelength selection mechanism has to be incorporated
into the cavity. Such a mechanism could be based on either exploiting
wavelength selective loss or by using dispersers. Distributed feedback (DFB)
lasers, distributed Bragg reflector (DBR) lasers, as well as vertical-cavity
surface-emitting lasers (VCSEL), can represent this group of devices. By
changing temperature or the current, such lasers can be tuned over only a
limited spectral range. One of the easiest tuning mechanism, DFB array [39]
suffers from the tradeoff between tuning rage and output power due to
increased losses in the coupler. Other complicated monolithic solutions like
grating assisted co-directional coupler with rear sampled grating reflector
(GCSR) have been demonstrated [40], but they require a complicated tuning
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mechanism which involves the control of three or more currents. By
increasing the length of the cavity, the number of lasing modes increases. The
long cavity can increase the photon lifetime, which can reduce the linewidth
of the cavity modes [41], [42] and can lead to the laser turn on without
relaxation oscillations [43]. A wavelength tuning mechanism can be included
into a long cavity laser to provide tuning between consecutive modes. Such
laser can be designed to operate in mode hopping regime or in a constant
wavelength sweeping regime. The next section aims to introduce sweptsource lasers, including an overview of the existing technologies and physics
underlying their operation regimes.
1.3 Swept Source lasers
One of the main advantages of external cavity lasers is the possibility to
operate in a wavelength tuning regime. Conventional tunable lasers are
usually tuned discretely from one fixed value to another. In the near and midinfrared spectral regime, solid-state lasers such as titanium-sapphire lasers
and Cr:ZnSe/CR:ZnS lasers can be tuned over hundreds of nanometers with
an output power in the order of a few 10s of milliwatts. Superluminescent
diodes with a semiconductor gain can also provide wideband tunability over
140nm [44], but their coherence length is inversely proportional to the gain
bandwidth.
However, several applications require periodic and continuous
wavelength tuning over a wide range of wavelengths. Such lasers are called
swept-source (SS) lasers. An ideal swept-source laser emits single-frequency
radiation at a given instant with an instantaneously narrow spectral width.
The output frequency changes continuously as a function of time, leading to
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a time-averaged broadband spectrum. Figure 6 shows the output frequency
behaviour of a single frequency source and a swept frequency laser.

Figure 6. Schematic time-frequency diagram showing the difference between a constant power laser
emitting a single frequency and a swept-source laser.

Important parameters of swept-source lasers are illustrated in Figure
7. Sweep function 𝑓(𝑡) defines the frequency evolution of the laser. Often the
sweep is linear and covers a total bandwidth of ∆𝐹 with modulation period
∆𝑇. If some applications demand uni-directional sweeping, then the
backward sweep is blocked. At any given time, the output spectrum has
spectral width 𝛿𝑓 (instantaneous linewidth), which is often a phase noise
term applied to 𝑓(𝑡), and a reason for deviation from the ideal sweep
function.
Today, the major application of swept-source lasers is Optical
Coherence Tomography (OCT). OCT is an imaging technique which provides
in depth images of samples which are semi-transparent for infrared
radiation. OCT imaging works similar to ultrasound imaging, using light
waves instead of sound waves to illuminate samples. The OCT setup is based
on the Michelson-interferometer [46]. A broadband light is sent into a
Michelson interferometer which illuminates both the sample and the
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reference arm. The reflected light from both arms is recombined in the
interferometer to form an interference signal. The interference signal
contains the information about the light propagation in the sample which is
read by a photodetector to extract the sample reflectivity depth profile. The
depth amplitude profile acquired along one transverse line through the
sample forms a single amplitude-scan (A-scan). By scanning the beam of light
laterally across the sample surface, three-dimensional images can then be
created. Swept Source OCT (SS-OCT) uses a wavelength-sweeping laser as a
light source, allowing for the full A-scan to be recorded simultaneously using
a single photodetector. The SS laser parameters which are important for the
image quality are the central wavelength, the sweep rate, the sweep range
and the instantaneous linewidth.

Figure 7. Parameters of an ideal swept-source. Sweep period ∆𝑇, sweep bandwidth ∆𝐹, instantaneous
linewidth 𝛿𝑓, sweep function 𝑓(𝑡), sweep speed 𝜐, initial frequency 𝑓0 . Adopted from [45].
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A swept-source used for OCT must sweep over a broad spectral
bandwidth to enable high axial resolution. The selection of the central
wavelength 𝜆0 and the bandwidth Δ𝜆 is related to the imaging resolution
𝑙𝑐 as [47]

𝑙𝑐 ≈ 0.44

𝜆20
Δ𝜆

.

(5)

Different types of gain medium such as a Raman pumped fiber [48],
dual-core Ytterbium-doped fiber [49] or an SOA [50] can be used in SS for
OCT. The selection of a central wavelength of the SS laser depends on the
intended application, this is primarly due to the trade-off between absorption
and scattering in the samples. Photons of shorter wavelengths such as
850nm [51] and 1050nm [52], are scattered more but absorbed less by water
which makes these wavelengths more suitable for imaging samples with a
higher water content, such as the retina. Longer wavelengths such as
1300nm and 1550nm are more easily absorbed by water, but there is less
scattering, hence these wavelengths are more suitable for imaging samples
where scattering prevails [53], [54].
The tunning mechanism defines the sweep rate and instantaneous
linewidth of the laser. Currently, swept-source lasers can demonstrate sweep
speeds reaching 1.5MHz [55] and a coherence length in the meter
range [48], [49]. The sweep rate defines the OCT A-scan acquisition rate.
Today, most of the SS lasers for OCT comprise of mechanical tuning elements
such as tunable Fabry-Pérot filters. The instantaneous linewidth represents
the hypothetical linewidth of the light source measured directly at an
infinitely short acquisition time [58]. Several techniques, such as using
electro-optic modulators [58] and interferometric measurements [59] are
employed to measure the instantaneous linewidth of the laser.
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The tuning mechanism governs the physics of the laser and defines its
dynamics. Currently, here are the four-leading swept-source technologies on
the market.
A single-mode tuning is achieved in swept sources based on Vertical
Cavity Surface Emitting Laser (VCSEL) [60]–[63]. VCSELs emit light from the
top surface in contrary to edge-emitting lasers. In a tunable VCSEL a
semiconductor gain medium is sandwiched between a DBR mirror and a
Micro Electro Mechanical Systems (MEMS) based mirror. By controlling the
MEMS based mirror, the cavity length can be changed to achieve wavelength
tuning [64]. The short length of the VCSEL’s cavity allows for single-mode
tuning over the entire sweeping range, defined by SOA gain. The moving
MEMS mirror creates a Doppler shift which shifts the frequency of the
oscillating photons in the cavity with respect to the changing length of the
cavity. The speed of the mirror movement limits the sweep speed. VCSELs
can maintain a long coherence length greater than one meter [57]. Such
VCSLES have demonstrated a dynamic tuning range >120nm and imaging
rates of 1MHz [60].
Another type of a swept-source laser is a short cavity laser, such as the
one developed by AXSUN technologies [65]–[67]. This is a fixed-length
external cavity swept-source lasers with a semiconductor optical amplifier
and a wavelength-tunable MEMS Fabry–Pérot filter [68] arranged in a Fabry–
Pérot cavity. Lasers with this configuration have shown sweeping speeds up
to 500kHz [69]. Such MEMS filters are designed to match the Gaussian output
mode of the SOA gain chip. This design is achieved by adjusting the filter’s
input light to excite the lowest order Hermite-Gaussian mode and thus
resembling transmission Fabry–Pérot filter. However, this input light of the
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SOA can be tuned to leak into a series of higher-order modes, by including an
angular offset between the laser’s optic axis and the filter cavity. The
interference between these higher-order modes provide not only passband
filtering effect but also capable of coupling the filtered light back into the
input mode, and all this can be achieved by optimizing the angular offset,
cavity geometry and mirror reflectivity values. This higher-order effect
produces a spectrally filtering retro-reflector using a high Q-factor which in
turn provides a large free spectral range (FSR) and a low bandwidth filter
function. The free spectral range of a Fabry–Pérot filter is the frequency
spacing of its transmission peaks. A large FSR is paramount for all intracavity filters that are designed for swept sources.
The dynamics of these lasers depend on several parameters including
cavity length, filter sweep speed, filter width and the relaxation time of the
laser. The interplay of these parameters defines the number of modes that
can exists at the same time and limits the sweep speed [70]. At slow filter
speeds, the laser exhibits mode hops and generates a sequence of discrete
frequency jumps of continuous wave (cw) solutions separated by
transients [70], [71]. Transients are the beating between two subsequent
lasing modes [72]. The duration of the transients are directly related to the
time required for the formation of a new mode, and the duration of the cw
solutions depend on the duration of available gain to continue lasing. An
increase in the filter speed does not affect the duration of the transient but
decreases the duration of the cw regions. At a sufficiently fast filter sweep
speed only transients remain, and at a critical speed, the laser starts to exhibit
multimode dynamics.
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In the multimode regime, non-linear interactions lead to four-wave
mixing. When two modes are lasing simultaneously, they tend to generate
sidebands due to four-wave mixing, and these sidebands seed a new mode
before the previous mode dies out. Coherence transfer occurs between
different modes. The lasing wouldn’t build up from spontaneous emissions
and the laser output consists of a series of quasi-periodic pulses. As as the
filter is scanning, the central wavelength of the spectrum is changing,
resulting in sliding frequency mode-locking [59], [70], [73], [74].
The mechanical tuning mechanism used in swept-sources can
influence sweep stability. Alternatively, non-mechanical filters have
demonstrated better sweep repeatability and stability and also eliminate
sweep rate limitations imposed by the mechanical tuning of the filter. An
example of a laser with non-mechanical tuning is akinetic lasers [67], [68],
commercially available from Insight Photonics [77]–[79].
Akinetic

lasers

are

monolithic

multi-section

Sample-Grating

Distributed Feedback (SGDBR) semiconductor lasers [78]. These lasers have
been widely used in the telecommunication industry for many years, and
have recently been considered for OCT applications [80]. Akinetic lasers
consist of active and passive sections. The active section provides the gain.
Passive sections are two sampled-grating distributed Bragg reflector
(SG-DBR) mirrors and a phase section. The two sampled gratings consist of
periodicity altered DBR structures with different period of the grating. Each
DBR reflector generates a comb with different spacing such that only a single
pair of modes overlaps. Thus the laser operates at a single frequency with a
large side-mode suppression ratio. Wide bandwidth tuning is obtained by
subsequent tuning of a sequence of vernier modes. Thus the laser output is a
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sequence of highly coherent single mode sweeps separated by transients.
Akinetic lasers with all-electronic tunable capabilities have demonstrated a
tuning bandwidth of 100nm [73], [74], and a coherence length up to 170mm,
while operating at 20kHz, and up to 20mm while operating at 200kHz sweep
speed [77], [78] .
Ring cavity swept-source lasers are another kind of wavelengthswept lasers [83], [84]. An example of such a laser is shown in Figure 5. The
gain medium of the laser is a fiber-coupled SOA. A narrow bandwidth tunable
Fabry–Pérot filter acts as a wavelength selective mechanism. This filter is
driven by a sinusoidal waveform provided by a signal generator. A 50/50
fibre coupler used in the cavity, acts as an output coupler. Several optical
fiber coupled isolators are used in the cavity to mitigate back reflections and
ensure unidirectional light propagation. When the filter is static, the laser
operates at a fixed wavelength. When the filter transmission is tuned to
another filter position, the lasing starts from the spontaneous emissions
which limit the speed of the laser operation in sweeping mode.
The sweeping speed of the laser can be improved by increasing the
laser cavity length by adding an extra fiber delay line into the cavity in order
to match the cavity roundtrip time with the period of the filter sweep. In this
case, the laser operates in a Fourier Domain Mode Locked (FDML)
regime [85]. The matching of the modulation frequency of the filter and the
frequency, corresponding to the cavity round trip time, allows for the light to
pass through the filter at the same transmission window after every round
trip. This synchronization allows all the wavelengths to be simultaneously
active within the cavity, which eliminates the need for the lasing to restart
continuously from amplified spontaneous emission. This makes FDML lasers
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are one of the fastest swept-source lasers, reaching sweep speeds up to
1.5MHz [55]. The maximum tuning speed of the filter limits the maximum
sweeping rate. The above explanation assumes perfect synchronization
between the cavity round trip time and the filter sweep period. However,
chromatic dispersion in the long optical fibre leads to a different round trip
time for each wavelength. The presence of chromatic dispersion in the fiber
can be eliminated by adding dispersion compensation elements into the
cavity [86], [87], while thermal fluctuations in the fiber length can be
mitigated by thermal isolation.
Fiber based ring cavity lasers and FDML lasers have already
demonstrated a variety of laser dynamics (stable, chaotic) [88], [89] , which
influence their performance. Ring fiber based cavity lasers are not only
interesting in terms of applications but also serve as a tool to study non-linear
dynamics in complex systems [89]–[92]. This thesis aims to advance the
understanding of the dynamics of the ring fiber based cavity laser similar to
that of the FDML configuration. In particular, it will be shown that the system
can generate localised structures similar to dark solitons, observed for the
first time in lasers.
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2 Laser Physics
2.1 Semiconductor lasers
When the ruby laser was invented in 1960, semiconductor lasers were
neither developed enough nor understood enough to get any comparable
attention. The possibility of stimulated emissions in semiconductors was
studied but was not explored sufficiently. However, In 1962 the reports on
‘Recombination radiation in GaAs by optical and electrical injections’,
published by IBM Thomas J. Watson Research Center [93] sparked
considerable interest in realising semiconductor lasers.
The carriers in semiconductor material are electrons in the conduction
band and holes in the valence band. According to Fermi-Dirac statistics [94],
when the system is in thermodynamic equilibrium, the distribution of
electrons and holes is spread across different energy levels. The holes
primarily occupy the top of the valence band, and the electrons are at the
bottom of the conduction band (Figure 8). Photons are generated when an
electron-hole pair undergoes radiative recombination. The recombination
process is more effective in direct bandgap semiconductor as the process
requires conservation of electron wavenumber k. Under the thermal
equilibrium, a negligible amount of power is produced due to the extremely
small radiative recombination process - around 100 photons are generated
per cm3 [95]. Redistribution of the energy levels in an active region of the
semiconductor material (population inversion) is required in order to
produce a considerable amount of emission.
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Figure 8. Semiconductor band structure.

Electron-hole pair excitation and recombination can occur due to
different mechanisms. Non-radiative recombination occurs when electrons
and holes recombine with no emission of photons. Radiative recombination
occurs when electrons and holes recombine to emit a photon with the energy
equal to the energy lost in the recombination process. Radiative
recombination can happen spontaneously or can be stimulated. In the case of
spontaneous emission, the emitted photons are not in phase and propagate
in different directions. These emitted photons can also be absorbed to excite
electrons into the conduction band from the valence band. In the case of
stimulated emissions, the photons knock the electrons from the conduction
band to the valence band. These stimulated electrons emit other photons
with identical phase, energy, and in the same direction. Stimulated emission
is a crucial process for emitting coherent light from the gain medium. For a
stable laser emission, the population of electrons at the conduction band
should be high enough for reoccurring stimulated emissions. To build a laser
with useful stimulated emission the cavity length needs to be in the order of
meters. Designing such laser is not practical. In order to achieve the required
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stimulated emissions with a small cavity length, a typical semiconductor
laser chip is designed as a gain medium with a reflective coating at each side
acting as mirrors to form the optical cavity. The stimulated photons are
reflected from the mirrors and travel across the active medium several times,
increasing in the growth of the number of photons exponentially. These
photons partially exit the cavity because one of the mirrors is not 100%
reflective. There are several types of resonator cavities, such as liquid crystal
based [96], dielectric mirror resonator [97], spinwave resonator [98], ring
cavity resonator [99], Bragg grating resonators [100] and the recently
developed mirrorless lasers [101].
Population inversion is one of the necessary conditions for stable
laser operation. In semiconductor lasers, electrical pumping is used to
achieve population inversion. Previously, most lasers were based on
homojunction structures. These homojunction structures are the layers of
similar semiconductor materials with different doping levels but with equal
band gaps. However, these laser structures required a large driving
current [93]-[95] that caused device temperature to rise significantly which
did not allow for continuous wave operation of the laser. Later, the
realization of heterostructures [102], [103] enabled emission at room
temperature with a constant drive current. Heterostructure is a sandwich of
smaller bandgap material (an active region) in between a p-n junction of
wider bandgap material. Heterostructure semiconductor lasers have a very
narrow active region. This confinement produces greater gain due to the
increase in the density of the states, which occurs around the lasing energy,
and an increase in the laser performance as well as a reduction in the
threshold current. These results can be accredited to the development of
modern growth techniques such as metal-organic chemical vapour
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deposition [105] and molecular beam epitaxy [106]. A schematic of the
standard semiconductor laser structure based on a quantum well design with
two-dimensional confinement [107] is shown in Figure 9. One dimensional
confinement is realized in quantum wires [108] and two-dimensional
confinement is realized in quantum dots (QD) [109], [110].

Figure 9. Two-dimensional quantum well semiconductor laser diode. (A) Schematic geometry; (B) Band
structure; (C) Spatial profile of refractive index; (D) fundamental mode intensity profile.

2.2 Gain and refractive index of semiconductor material
To calculate the gain of a semiconductor laser, complex mathematics
can be used to describe the Coulomb interaction between various carriers of
the laser. This falls beyond the scope of this thesis. Here, the free carrier
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theory will be used to describe the physical effects observed in
semiconductor lasers and amplifiers [111].
The electric susceptibility 𝜒(𝜔) can be given by

𝜒(𝜔) = −

𝑖
𝑓𝑒 (𝜔𝑜 )𝑓ℎ (𝜔𝑜 ) − 1
∫ 𝜇(𝜔𝑜 ) 𝐷(𝜔𝑜 )
𝑑𝜔𝑜 ,
ℏ𝜖
𝛾 + 𝑖(𝜔𝑜 − 𝜔)

(6)

where µ(𝜔𝑜 ) is the dipole moment, 𝐷(𝜔𝑜 ) is the density of state, 𝑓𝑒 (𝜔𝑜 ) and
𝑓ℎ (𝜔𝑜 ) are the electron and hole Fermi function respectively, and γ is the
linewidth of the transition. The total density of electrons and holes can be
calculated from the Fermi level as
𝑛𝑒,ℎ = ∫ 𝐷(𝜔𝑜 )𝑓𝑒,ℎ 𝑑𝜔𝑜 ,

(7)

where the electron density is 𝑛𝑒 and the hole density is 𝑛ℎ . Assuming 𝑛𝑒 and
𝑛ℎ are equal, the carrier density 𝑁 can be defined as
𝑁 = 𝑛𝑒 = 𝑛ℎ

.

(8)

Using complex susceptibility, the carrier dependent refractive index n and
gain g is defined as
1

Δ𝑛 = 2𝑛 𝑅𝑒(𝜒),
𝑟

𝜔

(9)

Δ𝑔 = 𝑛 𝑐 𝐼𝑚(𝜒),
𝑟

where 𝑛𝑟 is the refractive index of the substrate.
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Figure 10. Gain and refractive index variations as a function of optical frequency for (A). A two-level
atomic system and (B). A semiconductor material. N and N+∆N are the two values of the carrier density.

For a two-level atomic system and for a semiconductor
material [112], the dependency of the gain and the refractive index as a
function of carrier density is illustrated in Figure 10. The Lorentzian gain
curve is used to describe the gain for a two-level atom. Due to symmetry, the
refractive index does not change with carrier density in resonance. In
semiconductors, there is no symmetry and the maximum gain frequency
increases with carrier density. Thus, the refractive index is dependent on the
carriers. By introducing linewidth enhancement factor α, also known as
Henry’s alpha factor [113], this effect can be mathematically described as
𝑑𝑛

𝛼=

4𝜋
− 𝜆 𝑑𝑁
𝑑𝑔

.

(10)

𝑑𝑁

Eventually, to describe the dynamics of the semiconductor laser, one
can assume that the phase carrier dependent refractive index is proportional
to the gain through the linewidth enhancement factor. For example, the
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solution of a wave 𝐴(𝑧) = 𝑒 −𝑖(𝑤𝑡−𝑘𝑧) travelling through a semiconductor
material will be
𝑑𝐴 1
= 𝑔(𝑁)(1 − 𝑖𝛼)𝐴,
𝑑𝑧 2

(11)

where 𝑔(𝑁) is the carrier-dependent gain.
2.3 Threshold condition
In order to accurately describe a semiconductor laser, following the
work of [114], we consider the light that is travelling in the fundamental
mode of the waveguide with a modal gain g which depends on the carrier
density 𝑁 and with loss per unit length 𝛼(𝑎). The reflectivity of the two facets
are 𝑅1 and 𝑅2 . During one round trip the optical power changes by
𝑅1 𝑅2 𝑒 (𝑔−∝𝑎)(2𝐿) . In this situation, the spontaneous emission remains a
dominant mechanism when g is small such that 𝑅1 𝑅2 𝑒 (𝑔−∝𝑎)(2𝐿) ≪ 1.
However, as the gain increases the optical power also increases and is equal
to one when the gain compensates the material and mirror losses. This
condition is described as
𝑅1 𝑅2 𝑒 (𝑔−∝𝑎)(2𝐿) = 1 .

(12)

The above equation defines the lasing condition when the gain reaches the
threshold gain 𝑔𝑡ℎ which can be defined as
1

𝑔𝑡ℎ = 2𝐿 𝑙𝑛 (𝑅

1

1 𝑅2

) + 𝛼𝑎 .

(13)

In equation (13), the mirror losses are described by the first part of the right
hand side term and can be written as

26

Laser Physics

1

𝛼𝑚 = 2𝐿 𝑙𝑛 (𝑅

1

1 𝑅2

).

(14)

Hence at the threshold equation (13) can be rewritten as
𝑔𝑡ℎ = 𝛼𝑚 + 𝛼𝑎 .

(15)

The dynamics of the laser above the threshold can be explained by
considering the semiconductor laser rate equations which will be discussed
in the following section.
2.4 Rate equations
Now we consider a lasing mode in a Fabry–Pérot cavity with the
evolution of the total number of photons 𝑆. The rate of change of stimulated
emission is given by 𝑣𝑔 𝑔(𝑁)𝑆 where 𝑣𝑔 is the group velocity. Similarly, the
1

rate at which photon decay occurs is given by 𝜏 = 𝑣𝑔 (𝛼𝑚 + 𝛼𝑎 ), where 𝜏𝑝 is
𝑝

the photon lifetime. Thus, the rate at which the total number of photons
change can be given by
𝑑𝑆
1
= (𝑣𝑔 𝑔(𝑁) − ) 𝑆.
𝑑𝑡
𝜏𝑝

(16)

The addition of photons due to spontaneous emission has been
neglected. The spontaneous emission plays a significant role during the laser
operation below or close to its threshold. This can be described by adding an
extra term to the rate equation describing the photon number. Since this
thesis focuses on the dynamics occurring above the laser threshold one can
safely neglect this term.
The rate of change of carrier density 𝑁 can be obtained by considering
the non-radiative recombination, spontaneous and stimulated emissions,
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𝑑𝑁 𝜂𝐼
=
− (𝑅𝑛𝑟 − 𝐺𝑛𝑟 ) − (𝑅𝑟 − 𝐺𝑟 ) − 𝑣𝑔 𝑔(𝑁)𝑆,
𝑑𝑡 𝑒𝑉

(17)

in which the non-radiative processes are approximated as
(𝑅𝑛𝑟 − 𝐺𝑛𝑟 ) = 𝐴𝑁 + 𝐶𝑁 3 ,

(18)

where the loss or gain of carriers due to defects are described by the
linear term. In the process of electrons and holes recombination, a small part
of the energy is released which is passed over to the third carrier. This
recombination process is called Auger recombination and it is described by
the cubic term in equation (18). The terms related to radiative recombination
are (𝑅𝑟 − 𝐺𝑟 ) = 𝐵𝑁 2 ; 𝑒 is the elementary charge, 𝐼 is the applied current, 𝑉
is the volume of the active region and 𝜂 is the coupling coefficient. The
semiconductor rate equations are given below
𝑑𝑆
1
= (𝑣𝑔 𝑔(𝑁) − ) 𝑆,
𝑑𝑡
𝜏𝑝

(19)

𝑑𝑁 𝜂𝐼
=
− (𝐴𝑁 + 𝐵𝑁 2 + 𝐶𝑁 3 ) − 𝑣𝑔 𝑔(𝑁)𝑆.
𝑑𝑡 𝑒𝑉

(20)

2.5 Relaxation oscillations
When the laser is turned on, the amplitude fluctuates rapidly for a
certain duration before it is stabilized to a constant amplitude. The frequency
of the oscillations of the laser before reaching amplitude stability is the
relaxation oscillation frequency. With the study of relaxation oscillations,
various dynamics of the laser can be understood including turn-on transient
and modulation bandwidth. A typical variation of amplitude at the laser turn
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on is as shown in Figure 11a, and the corresponding change in carrier density
is shown in Figure 11B.

Figure 11. Time trace showing the typical variation of (A) intensity and (B) carrier density.

For the non-lasing situation, the analysis can be made assuming the laser is
close to a lasing solution, 𝑆 = 𝑆𝑖 + 𝛿𝑆 and 𝑁 = 𝑁𝑖 + 𝛿𝑁 and by writing the
linear equations for the evolution of 𝛿𝑆 and 𝛿𝑁
𝑑(𝛿𝑆)
= 𝑣𝑔 𝑆𝑖 𝑔𝑁 𝛿𝑁,
𝑑𝑡

(21)

𝑑(𝛿𝑁)
1
1
= − 𝛿𝑆 − ( + 𝑣𝑔 𝑔𝑁 𝑆𝑖 ) 𝛿𝑁,
𝑑𝑡
𝜏𝑝
𝜏𝑝

(22)

with
𝑑𝑔

𝑔𝑁 = 𝑑𝑁=𝑁 |𝑁=𝑁𝑡ℎ ,

(23)
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1
2
= 𝐴 + 2𝐵𝑁𝑡ℎ + 3𝐶𝑁𝑡ℎ
.
𝜏𝑁

(24)

Assuming
𝛿𝑆 = 𝛿𝑆𝑜 𝑒 𝜆𝑡 , 𝛿𝑁 = 𝛿𝑁𝑜 𝑒 𝜆𝑡 , and 𝛿𝑆𝑜 𝑎𝑛𝑑 𝛿𝑁𝑜 are not equal to zero, by solving
the quadratic equation we obtain 𝜆 as a solution
𝜆2 + [

𝑣𝑔 𝑔𝑁 𝑆𝑡
1
+ 𝑣𝑔 𝑔𝑁 𝑆𝑡 ] 𝜆 +
= 0,
𝜏𝑁
𝜏𝑝

(25)

1
+ 𝑣𝑔 𝑔𝑁 𝑆𝑡 ,
𝜏𝑁

(26)

and by introducing
Γ𝑟𝑜 =

Ω2𝑟𝑜 =

𝑣𝑔 𝑔𝑁 𝑆𝑡
𝜏𝑝

,

(27)

from the above equations, the damping rate is defined as
2
1
Γ𝑟𝑜
√
𝜆 = − Γ𝑟𝑜 ± 𝑖Ω𝑟𝑜 1 − 2
2
4Ω𝑟𝑜

(28)

The equations show that the laser reaches a steady-state solution via
damped oscillations. The modulation bandwidth of the laser can be
calculated using the relaxation oscillations frequency. Most solid-state lasers
and semiconductor lasers belong to class B lasers [115] and exhibit
relaxation oscillations in GHz range, with the excited state lifetime being
much higher than the cavity damping time. It will be further shown that by
manipulating with the cavity roundtrip time, the laser can operate without
relaxation oscillations. It will be demonstrated in a later Chapter that the long
cavity semiconductor laser analyzed in this thesis turns on without
relaxation oscillations.
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2.6 Nonlinear Dynamics of Semiconductor Lasers
To study and understand nonlinear phenomena in semiconductor
lasers, two properties have to be considered. First, in semiconductors, the
carriers relaxation rate is slower than the cavity photon relaxation rate. This
lead to the appearance of relaxation oscillation in the order of GHz (class B
lasers). Such oscillations can be undamped by modulating external
parameters or by optical feedback. Second, the linewidth enhancement
factor (α) is another parameter responsible for the dynamics of
semiconductor lasers. It represents the typical strong amplitude-phase
coupling of the electromagnetic field and the laser medium [42]. This
nonlinear effect is caused due to the carrier induced variations in the real and
imaginary

parts

of

the

semiconductor

material

susceptibility,

𝜒(𝑛) = 𝜒𝑟 (𝑛) + 𝑖 𝜒𝑖 (𝑛). Meaning, any small amplitude perturbation caused
by spontaneous emission, bias injection modulation or by optical feedback
will cause a perturbation in the phase of the field. The linewidth
enhancement factor (α parameter) is defined as [116]:
𝑑(𝜒 (𝑛))/𝑑

𝛼 = − 𝑑(𝜒𝑟(𝑛))/𝑑 𝑛 ,
𝑖

𝑛

(29)

where 𝑑(𝜒𝑟 (𝑛))/𝑑𝑛 and 𝑑(𝜒𝑖 (𝑛))/𝑑𝑛 are the respective derivatives of the
real and imaginary parts of the susceptibility with the carrier inversion. The
lasing transitions in the semiconductor medium occur between two partially
filled energy bands and not between discrete energy levels. This gives rise to
the higher value of α in contrast with other types of lasers, for example, gas
lasers (where α = 0). The inter-band transitions lead to a strong amplitudephase coupling of the electromagnetic field in the laser medium and to the
short characteristic time scales of the semiconductor laser. α is one of the
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parameters that defines nonlinear dynamics of semiconductor lasers. The
anomalous broadening of the semiconductor laser’s linewidth has its origin
from the α parameter, which was first explained by Henry in 1982 [116]. It is
also vital for the modulation response of the semiconductor lasers, as it can
cause a significant frequency chirp for high-bandwidth modulations.
An interesting dynamical property of semiconductor lasers is their
nonlinear response to perturbations. This nonlinear response is noticeable
in terms of sensitivity to variations in the injection current, delayed optical
feedback or external optical injection. A tiny amount of re-injected light has
the potential to destabilize emissions from a semiconductor laser [23], [29],
[30] and cause chaotic oscillations. This is much of a concern for the
applications where stable laser emission is a priority. Even reflections from
the facets of fiber couplers can cause destabilizing feedback. Dynamical
regimes of a delay-coupled semiconductor laser depend on the feedback
parameters and the pump current. The feedback parameters are the amount
of light re-injected into the cavity, the length of the external cavity and the
phase of the feedback light. A semiconductor laser subjected to optical
feedback may exhibit several characteristic non-linear complex dynamic
phenomena which include hyper-chaotic regimes [117], [118] and chaos
synchronization when delay-coupled to other semiconductor lasers [119].
These highly complex dynamics are used in several applications such as
chaotic secure communications [120], ultrafast random bit sequence
generation [121], rainbow refractometry [122], neuro-inspired computation
and ultrafast all-optical signal processing [123]. The fundamental study of
the dynamical properties of these delay systems will improve the reliability
and flexibility of the applications. The parameters of semiconductor lasers
can be well-controlled, therefore, semiconductor lasers are excellent
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testbeds to study non-linear dynamics. This is of fundamental importance in
a variety of fields such as chaos control [124], traffic dynamics [125],
population

dynamics [126],

neuroscience [127],

gene

regulatory

networks [127], [128], generic models [129], [130], and encrypted
communications [120].
The focus of this thesis is to describe various dynamical regimes of a
ring cavity semiconductor laser. This laser utilizes the external fiber cavity to
provide time-delayed optical feedback into the gain region. Experimental
investigations of change in dynamics are explained via bifurcation diagrams.
A bifurcation of a dynamical system is a qualitative change in its dynamics
produced by varying parameters [131]. A bifurcation diagram is a graphical
depiction of the relationship between controlled parameters and the
behaviour of the system. The dynamics of the system can depend on many
parameters, insight can be gained by fixing all but one parameter and then
mapping out the dynamics as that one parameter is varied. In this thesis, the
dynamics of the ring cavity laser is mapped by varying laser bias current at
fixed injection power.
When the laser operates in frequency sweeping regime, the laser
undergoes subcritical and supercritical bifurcations. Subcritical bifurcations
refers to the case when then laser changes from stable to unstable (a cw
regime gives way to chaotic oscillations in case of frequency sweeping
towards the blue). The supercritical bifurcation occurs when the laser passes
from one stable state to another stable state (the laser jumps from one cw
regime to another in the case of frequency sweeping towards the red). These
bifurcations occur due to instabilities in a nonlinear medium, which are due
to the interplay between dispersion and nonlinearity [132], [133].
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Modulational instability is supercritical in forming a stable cw solution from
a chaotic regime, and Turing instability is subcritical for frequency jump from
one cw solution to another. These phenomena can be described with complex
Ginzburg-Landau (CGL)-type equations. In this thesis, the model based on
delay differential equations is applied to provide a realistic qualitative
description of the dynamics of the long cavity laser.
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3 Dynamics of a long cavity
semiconductor laser
3.1 Experimental setup
The experimental setup of the laser studied in this thesis is shown in
Figure 12. The laser operates around 1300nm, because this is a wavelength
of interest for medical applications [14], communications [134] and
sensing [135]. The choice of 1300nm allowed us to study the dynamics in
both normal and anomalous dispersion regime. The ring cavity laser included
an SOA (Thorlabs BOA1132P) as a gain medium. The SOA design was based
on a ridged waveguide InP/InGaAsP quantum well layer structure. This
particular SOA was optimum as its packaged in a standard 14 pin butterfly
package integrated with a thermistor, and the thermoelectric module was
used to house the SOA. The SOA was coupled to polarisation-maintained fiber
pigtails. According to manufacturer specification, the SOA had a 100nm 3dB
optical bandwidth at a maximum current of 700mA, 32.1dB small-signal gain,
and 16.9 dBm saturation output power showing amplified spontaneous
emission peak at 1303.8nm. The SOA selected had a flat gain profile which
gave non-varying intensity through its bandwidth during the study, and the
gain was sufficiently large to overcome the losses within the cavity.
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Figure 12. Experimental Setup. PC: Polarization Controller; ISO: Isolator; SOA: Semiconductor Optical
Amplifier; FFP-TF: Fiber Fabry–Pérot Tunable Filter; SG: Signal Generator; Osc: Real-time oscilloscope
(12 GHz bandwidth and 40 GSa/s sampling rate); 12GHz bandwidth photodetector was used before the
oscilloscope. OSA: Optical Spectrum Analyzer.

The tuning mechanism was provided by a narrow bandwidth tunable
Fabry–Pérot filter operating in O-band optical frequency range coupled to
fiber pigtails. The filter was manufactured by MicronOptics (TF2APX) with a
free spectral range of 170.73nm (19.8975 THz) and finesse of 2274. The filter
transmission

bandwidth

was

50 pm (8.75GHz).

According

to

the

manufacturer’s description, the filter was designed as a lensless fiber
construction with no collimating optics or lenses to achieve high finesse and
maintains a low loss transmission profile. An air-gap inside the Fabry-Pérot
cavity allowed for cavity length (and thus the filter resonance frequency)
tuning with a piezoelectric element modulated by the driving voltage. The
increase of the applied voltage increased the cavity length leading to a shift
of the Fabry-Pérot resonance. An Agilent 33522A Function / Arbitrary
Waveform Generator (AWG) 30 MHz signal generator was used to apply the
control signals to the Fabry–Pérot filter. The selection of tunable filter was
based on two essential paraments, i.e. narrow filter bandwidth and direct
fiber coupling feature.
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Four optical isolators (Photonics Inc. USA) with 42dB peak isolation
were used to ensure unidirectional (clockwise) propagation of light in the
cavity. Two isolators were used at each end of the SOA, and two were used
before and after the filter. As well as providing unidirectional light
propagation, these isolators also excluded back reflections into the
components which could result in fortuitous behaviour. A three petal
polarisation controller optimised the polarisation. A 50/50 coupler was used
in the cavity to tap out part of the light for temporal analysis using a fast and
real-time oscilloscope. Another 50/50 coupler was used to tap out light for
spectral analysis using an optical spectrum analyzer.
The length and losses of all the components used in this setup are
summarized in Table 1. The total cavity length was measured to be~27m and
mostly consisted of SMF based pigtails of all the cavity components. For the
given cavity length, the roundtrip time was ~136ns.
Component

Length(m)

Loss(dB)

SOA

3.16

-

Optical Isolator 1

2.2

1.45

Optical Isolator 2

2.2

1.45

Optical Isolator 3

2

0.84

Optical Isolator 4

2

0.84

Fabry-Pérot filter

3.1

8

37

Dynamics of a long cavity semiconductor laser

50/50 Output coupler

5

0.24

90/10 Output coupler

1.8

0.8

Polarization controller

5

0.24

26.42

13.86

Total

Table 1. Parameters of the laser components.

3.2 Operation in a static mode
By fixing the filter transmission, the laser was set to operate at a fixed
wavelength (1300nm). The corresponding LI curve is shown in Figure 13.
The threshold current (Ith) was 108mA. First, the influence of the bias
current (Ib) on laser dynamics was analyzed. The bias current was gradually
increased from 0mA up to its threshold value.

Optical power (µW)

500
400
300
200
100
0
50

80

110
140
Bias Current (mA)

170

200

Figure 13. L-I curve for a long laser operating at 1300nm.

As the bias current value slightly surpassed its threshold, the laser
started to emit multiple drops per roundtrip. Figure 14 shows the time trace
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of the laser intensity for Ib=1.1Ith, corresponding to one round trip. At a fixed
bias current, the drops remained stable for many roundtrips.

Figure 14. Time trace of one roundtrip for I=112.7mA showing the appearance of the drops.

As the bias current values increased from the threshold up to ~3 Ith,
the laser continued to emit the drops, but the amount of drops per round trip
decreased, until the laser reached a cw regime (Figure 15(A)). The detailed
study of these drops will be given in Chapter 5.
For the bias current above 3Ith, the laser operated in cw regime
(Figure 15(A)) and further increase of bias current didn’t had any effect. The
cw regime would be destabilized by slightly blue shifting the filter
transmission (Figure 15(B)). It was possible to stabilize cw regime by slightly
shifting the filter transmission towards the red. The decrease of the bias
current led to the reappearance of the drops.
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Figure 15. (A) Cw solutions observed when the bias current was increased 3 times above its threshold
value. (B) Destabilization of cw regime due to the blue shift of the filter transmission.

When the filter transmission was set to operate at wavelengths longer
than 1319nm, the output always remained chaotic irrespective of the bias
current, and no cw was observed. At longer wavelengths, fiber exhibits
anomalous dispersion and the refractive index increases with increase in
laser intensity. This forces The laser to operate in self focusing regime and
results in modulational instability [136]. The presense of such instability is
the reason for chaotic operation of laser during operation in longer
wavelengths.
3.3 Operation in Quasi-Static Mode
In the static regime, a tiny change in the filter transmission
wavelength results in switches between cw and chaotic regimes, depending
on the direction of the wavelength change. Next, the operation of the laser
when the transmission of the filter was quasi-statically tuned, was studied.
The filter transmission was controlled by the AWG, which generated
a sinusoidal voltage signal of 5Vpp. The increase of the voltage corresponded
to the increase of the transmission wavelength of the filter and vice versa.
The frequency of the sine wave could be tuned to set the required filter
sweeping speed. The filter was set to operate at slow sweeping speeds of

40

Dynamics of a long cavity semiconductor laser

~10Hz, scanning about 0.5nm at a central wavelength of 1300nm. During the
slow sweeping, the laser showed bi-stability between cw and chaotic regimes
depending on the sweep direction (Figure 16). In Figure 16, the red line
schematically shows the direction of wavelength tuning (wavelength of the
filter was decreasing for negative time values and increasing for positive time
values). The filter turning point corresponds to 0ms. The chaotic regime was
observed when the transmission wavelength of the filter decreased
(from 6ms to 0ms) and the series of mode hops were observed when the
transmission wavelength of the filter increased (from 0ms to 6ms).
In the mode hop regime, each mode corresponded to the
monochromatic oscillation at a frequency defined by the maximum filter
transmission wavelength. As the filter transmission was tuned, the lasing
mode was losing its stability and another stable mode started to lase. This
resulted in a series of “steps” of cw regime separated by transients. When the
filter transmission wavelength was decreasing, only chaotic behavior was
observed. This asymmetry is associated with the nonlinearity of the gain
medium, resulting in 𝛼 ≠ 0. Theoretically it was demonstrated that for
𝛼 = 0, the laser does not demonstrate any asymmetry [70], [88]. Typically,
the value of the 𝛼 factor for the type of SOA used in the experiment is
around 2.
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Figure 16. Asymmetrical output of the long laser while the filter was sweeping. The red line indicates the
sweeping voltage of the filter with a turning point at 0ms, the negative and positive time scale is
representing a decrease and increase of the central filter wavelength, respectively.

Such asymmetric behavior is typical for all SOA based swept source lasers
described in section 1.3. In VCSEL, short cavity lasers and akinetic SS lasers
only the part of the sweep with increasing wavelength is used for applications
in imaging. Recently, a long-to-short wavelength swept source based on
Axsun technology was demonstrated [137]. For swept sources based on the
fiber cavity, the situation is more complicated, as both SOA α-factor and
dispersion introduced by the fibers in the cavity must be considered.
3.4 Operation in FDML Mode
Fourier Domain Mode Locked (FDML) regime introduced in
section 1.3, required the increase of the fiber cavity length in order to match
the cavity round trip with filter modulation period. A large cavity length in
the order of kilometres is required due to the limited tuning speed of the
available filters. In the experiment a single-mode fiber (SMF-28) delay of 20
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km was used which corresponded to the cavity round trip time of ~100µs.
The filter tuning speed was set to 10kHz.
Generally, the filter sweeping frequency is not perfectly synchronized
with a cavity round trip time due to the chromatic dispersion in the fiber. A
small amount of detuning is always present. Detuning is defined as difference
between filter sweep frequency (ffilter) and inverse of cavity round trip
1

time (𝑇). According to the manufacturer specifications, zero dispersion
regime of SMF fiber corresponds to the range of 1302-1322nm.
In order to study the influence of detuning on the FDML laser, the laser
was set to scan a small range of wavelengths in zero dispersion regime. The
filter scanning frequency was set to correspond to the cavity round trip time.
When the detuning was zero, the transmission of the filter remained
unchanged after each roundtrip. The dynamics observed could be compared
to the static filter operation mode. With the introduction of a tiny detuning of
approximately 15mHz, asymmetrical behavior appeared (Figure 17(A)). For
the increasing filter transmission wavelength, jumps from one stable state to
another were observed and for the decreasing filter transmission
wavelength, complex chaotic oscillations appeared. The change in sign of
detuning simply reversed the situation (Figure 17(B)).
The similarity to the slow tuning case can be explained as follows.
During positive detuning, the filter sweep frequency is slightly offset from the
cavity resonance frequency. This mismatch leads to the slight change in filter
position at each roundtrip which is similar to the small filter shift in the
quasi-static regime. The situation is the same in the case of negative detuning,
but the filter position shifts in the opposite direction.
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Figure 17. The asymmetrical output of the FDML laser [88]. (A) Positive detuning of +15mHz.
(B) Negative detuning of -15mHz. The turning point of the filter was at 0µs, the central wavelength of
the filter was decreasing for negative time values and increasing for positive time values.

3.5 Transition to turbulence
A tiny change in filter transmission wavelength in a SOA ring cavity
laser can influence laser dynamics. The increase of the filter transmission
wavelength results in a subcritical bifurcation, which leads to the transition
to another single mode operation. The decrease of the filter transmission
wavelength results in a supercritical bifurcation [89] which is the onset of a
turbulent regime. This behavior was observed during quasi static filter
operation and in FDML regime.
In FDML regime, this explains the formation of steps separated by complex
transients for the increasing wavelength. An example of such steps is shown
in Figure 17(A) for a positive wavelength sweep (2µs-10 µs). Complex
oscillations accompanying the transition from one cw mode to another cw
mode, can be compared to the laminar to turbulent transition in
hydrodynamic flows, similar to Poiseuille’s flow observed in the pipeline
carrying liquids [138], [139]. According to Poiseuille’s law the laminar flow
is theoretically stable for any speeds [140] (or Reynolds number) but during
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experiments, it has been observed the development of turbulence associated
with the formation of a turbulent spot downstream indicating that a finite
amplitude perturbation destabilizes the laminar regime [139].
The evolution of one such transition is shown in Figure 18. In order to
record such an evolution, the oscilloscope time trace was zoomed at a single
transition, and the oscilloscope trigger was synchronized with the filter
modulation frequency using the second output channel of the AWG. This
allowed for the recording of the laser intensity at subsequent roundtrips
(n being the roundtrip number). The top trace shows the transition from the
cw regime (from 0ns to 20ns) to the turbulent regime (from 20ns to 100ns).
After 190 roundtrips, the front between the laminar and turbulent regimes
shifted by 15ns due to the presence of detuning. As the laminar regime
invaded the turbulent regime, a noise induced turbulent puff was created and
was indicated by the formation of a spacio-temporal topological defect. This
defect is seen as a short intensity drop occurring at 5ns at roundtrip 220. The
turbulent puff grows (n=310) and merges with the main turbulent regime
(n=430). Such convective instability regime, where the laminar regime drifts
into the turbulent regime with the creation of localized structure, is usually
observed for the detuning values of a few mHz.
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Figure 18. Dynamics occurring between the transition of cw into turbulent solution [89].
(A) Experimental and (B) theoretical observations of creation and drift of turbulent fronts in the
convective regime. The defect as a drop-in intensity that appears suddenly in the cavity is shown in (A)
at round trip 220.

The observed localized structures are abrupt drops of intensity to
zero with an associated π-phase jump (Figure 19). These localized structures
are similar to the Nozaki-Bekki holes [141], [142] observed in complex
Ginzburg-Landau equation (CGLE). These holes are asymmetric wave
sources emitting different wave numbers up and down the stream [143].
In an FDML laser, these holes are responsible for creation of turbulent
regime propagating at a larger speed as demonstrated experimentally and
numerically

(Figure

18(B)).

The

theoretical

model

based

on

equations (30) and (31) were used for the simulation.
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Figure 19. Temporal evolution of the laser intensity (top) and corresponding phase (bottom) during the
creation of localized structure [89]. (A) Experimental observed. (B) Theoretically modelled

3.6 Theory
The theoretical model for frequency swept laser was developed using
delay differential model [144].

𝐴̇(𝑡) − 𝑖∆(𝑡)𝐴(𝑡) + Γ𝐴(𝑡) = Γ√𝜅𝑒

(1−𝑖𝛼)𝐺(𝑡−𝑇)
2
𝐴(𝑡

𝐺̇ (𝑡) = 𝛾[𝑔0 − 𝐺(𝑡) − (𝑒 𝐺(𝑡) − 1)|𝐴|2 (𝑡)],

− 𝑇),

(30)

(31)

where A(t) describes the electric field envelope, G(t) is the gain of the SOA, 𝛼
is the linewidth enhancement factor, 𝜅 is the attenuation factor accounting
for non-resonant liner cavity losses at each round trip. The cold cavity round
trip time is given by 𝑇, the carrier density relaxation rate is 𝛾, detuning
between central frequency of the filter and reference frequency is ∆ and the
pump parameter is 𝑔0 . The bandwidth of the frequency swept filter is given
by Γ and its central frequency is given by the time-dependent parameter
∆(𝑡)𝑟 = 𝑠𝑖𝑛(Ω𝑡), where amplitude r and frequency Ω are normalized to the
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filter bandwidth Γ and t is normalized to the inverse filter bandwidth Γ −1.
The gain bandwidth is assumed to be infinitely wide to reduce the
complications. The normalized delay time is T»1. Since, the gain bandwidth
is assumed to be infinite and filter bandwidth is fixed, the qualitative
properties of the laser intensity are not changed at different central
wavelengths. Chromatic dispersion and other phenomena such as Kerr nonlinearity in fiber delay line are ignored. A typical simulated output of cw
solution is shown in Figure 20.

Figure 20. Simulated intensity of the cw solutions using the model equation (30) and (31) as a function of
𝜔 − 𝛥. In the simulations its assumed that round trip time 𝑇 → ∞ or linewidth enhancement factor 𝛼 →
0, and is symmetric with respect to 𝜔 = 𝛥 . The values used for simulations are 𝛾 = 0.1, 𝜅 = 0.2, 𝛼 =
2.0, 𝑎𝑛𝑑 𝑇 ≫ 1.

For the laser operating in the quasi-static regime, a very slow change
in filter sweep frequency occurs, Ω ≪

2𝜋
𝑇

. During the static filter, only the cw

solutions with sufficiently small |𝜔 − Δ| are stable. Therefore, while the filter
is swept, the transition between different stable cw solutions occurs. For the
intensity 𝑅𝑛 and frequency 𝜔𝑛 of the longitudinal laser modes are given by
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(1 + (Δ − 𝜔𝑛 )2 )
]
𝜅
,
1 − 𝜅 + (Δ − 𝜔𝑛 )2

𝜅 [𝑔0 − ln
𝑅𝑛 =

𝛼

𝜔𝑛 = Δ − tan [𝜔𝑛 𝑇 + 2 ln (

(32)

2)
1+(Δ−𝜔𝑛

𝜅

)].

(33)

Stability analysis demonstrates that destabilization of cw solutions
can take place due to modulational instability or Turing instability,
depending on the filter central transmission frequency value and sign (Figure
21).

Figure 21. Solid line represents modulational instabilities and dashed line represents Turing instabilities
for a cw solution. Values used for simulation is shown in Table 2.

When the linewidth enhancement factor 𝛼 is zero, the model equations are
symmetrical. Due to this symmetry, the cw solution and its stability depends
only on the absolute value of the filter central frequency |𝜔 − Δ|. Figure 22
shows

a

numerical

simulation

of

the

model

represented

by

equations (30) and (31) using the parameters given in Table 2.
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Parameter
𝛾, Normalized carrier relaxation rate
𝑟, Normalized frequency sweep amplitude

Value
0.1
5

𝑇, Normalized cavity round trip time

200

𝜅, Linear attenuation factor

0.2

𝛼, Linewidth enhancement factor

2.0

𝑔0 , Unsaturated gain per round trip

3.0

Table 2. Values used for simulation

For creating a stable cw solution from the destabilized cw regime,
modulation instability is supercritical. On the contrary, action of Turing
instability results in frequency jump from one cw solution to another in the
order of

2𝜋𝑘0
𝑇

. This suggests that the role of Turing instability is subcritical,

such that new solutions created due to destabilization of cw mode are
unstable.
The same model was used to simulate the dynamics of the laser in
FDML regime [89]. In addition, the model was also used to study the influence
of the fiber dispersion on the laser stability. The dispersive properties of the
delay line medium were described by adding a polarization equation [136].
The same model will be used to provide theoretical background for the
experimental results, presented in this thesis.
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Figure 22. Numerically simulated swept-source output showing asymmetrical output resembling the
experimental findings. The red line indicated the sweep voltage and 0 mark on the x-axis indicated the
turning point of the filter. Parameters used for simulation are given in Table 2

3.7 Conclusions
Previous studies of the dynamics of a long fiber ring cavity SOA laser
concentrated on laser operation at higher bias current values. For Ib>3Ith, the
laser can demonstrate bi-stability between cw and chaotic regimes. This
results in sweep asymmetry in case of quasi-static and FDML regimes. In the
FDML regime the presence of fiber dispersion leads to detuning between the
filter frequency and the frequency associated with the cavity round trip time.
In this case, the formation of localized structures can be observed, seeding
the drifting turbulent puffs at the transition between cw and turbulent
regimes.
In the next Chapters, the dynamics of the laser at a bias current close
to threshold value will be analyzed. In this case, the formation of another type
of localized structure will be demonstrated. Optical injection will be used to
study such structure.
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4 Optical injection
One of the first references to injection locking by coupling two oscillators
was given by Christiaan Huygens in 1865 [145]. He observed the
synchronization of two wall clocks’ pendulum when they were hung close to
each other and out of sync when they were hung further apart. With further
investigation, he eventually traced the mechanical coupling to the vibrations
transmitted through the wall. The process of injecting a week signal into a
free-running oscillator can produce exciting results of injection locking. This
synchronization is not limited to mechanical clocks but can also be observed
in lasers and in any self-sustaining periodic oscillators.
Optical injection is a process of injecting light from one laser into the
cavity of another laser. The laser that produces the injected light is referred
to as the master laser, and the other laser is referred to as the slave laser
(Figure 23). There are two different kinds of optical injection, coherent and
incoherent optical injection. Coherent injection occurs when the frequency of
the master laser is sufficiently close to the frequency of the slave laser in
addition to having the same polarisation and propagation direction. In this
case the master laser forces the slave laser to oscillate at the same frequency
and also at a fixed phase relation to the phase of the master laser [146], [147].
In the locked state, the oscillations of the slave laser are completely
controlled by the master laser.
Incoherent injection occurs when the polarisations, the directions of
propogation or the frequencies of the two lasers are significantly far from
each other. In this case the injected signal does not ‘lock’ to the slave laser.
Therefore, the oscillations of the slave laser are not controlled by the master
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laser. However, the master laser can alter the carrier density of the slave laser
and subsequently modify the electric field of the slave laser.

Figure 23. Schematic of a master-slave optical injection configuration. The isolator is used to avoid back
reflections.

The master-slave configuration of oscillators is a well-known way to
reach synchronisation and it is used in different fields of science and
technology. This approach is used as a tool to study various effects in
nonlinear

systems

such

as

excitability

[148]–[151],

metastability [116], [122], [123] and chaos [154]–[156]. It is also used as an
engineering

tool,

for

example,

in

lasers,

to

achieve

spectral

narrowing [127]-[129], to reduce relative intensity noise (RIN) [160]–[163],
or to enhance modulation bandwidth [164]–[168].
In this Chapter we discuss the influence of the coherent injection on the
dynamics of semiconductor lasers and investigate experimentally the
possibility of injection locking in a long ring fiber based cavity semiconductor
laser. The detailed discussion on the incoherent injection is presented in
Chapter 5.
4.1 Adler Locking
Robert Adler proposed a mechanical model to explain the
synchronization of electrical oscillators in 1946 [169]. In his model, Adler
used a rotating drum filled with viscous liquid and an overdamped
pendulum. A simple phase equation can be used to describe the pendulum
phase in this model
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Φ̇ = sin Φ + ω ,

(34)

where Φ is the angle between the pendulum and a vertical line through the
drum and ω is the angular velocity of the drum as illustrated in Figure 24.

Figure 24. Adler's mechanical model of the pendulum in a rotating drum filled with viscous liquid. (A) At
rest, the system has two equilibria: a stable (grey) at the bottom and an unstable (white) at the top.
(B) At the moderate speed of drum rotation, these two equilibria come closer. (C) At fast rotation, the
equilibria disappear, moving pendulum with the drum. Adapted from [170].

When the drum is rotating slowly, the system exhibits two
equilibrium points, a stable point at Φ𝑠 = arcsin( ω) and an unstable
equilibrium at Φ𝑢 = 𝜋- arcsin( ω). With the increase of the speed of rotation
of the drum, these two equilibria move closer to each other approaching the
value of Φ = 𝜋/2. When ω reaches the critical value of ω𝑐𝑟 = 1, the stable
and unstable points collide and disappear. The critical value is achieved when
the drum is moving at a fast rotation speed at which the pendulum starts to
move along with the drum. The angular velocity of the pendulum approaches
that of the drum when the value of ∆ is further increased. When ω is within
the range of critical value, i.e. −ω𝑐𝑟 < ω < ω𝑐𝑟 , it is said to be in a stable
equilibrium and the system is in a locked regime. The system is said to be
unlocked when the value of ω is outside of the locking range. In Cartesian
coordinates system, the phase Φ in the Adler’s equation can be mapped onto
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the circumference of the circle of the fixed radius r. The polar co-ordinate Φ
changes monotonically when the pendulum rotates with the drum. This
situation is similar to a limit cycle in the (x, y) phase space. In Cartesian
coordinates, the locking-unlocking transition is associated with the
appearance of two equilibria on a limit cycle in a saddle-node
bifurcation [169].
When the system is in an unlocked regime, at the angular velocity of
the drum below its critical value ω𝑐𝑟 , Adler’s model possesses two different
ways to attain a stable equilibrium. Let’s assume the system initially was at a
stable point and experienced deviation from the point Φ𝑠 . For the case of a
small deviation, the system can directly return to the stable point. When the
deviation is large enough the system undergoes large rotation in phase space
before reaching the stable point. This large rotation is equal to full 2π phase
rotation. The presence of these two ways of attaining a stable point leads to
the unique observation of excitability in noise-driven systems. This can be
precisely studied and reproduced using Adler’s equation. For example, in the
presence of excitability the pendulum may drift beyond the unstable
point Φ𝑢 , reaching the threshold position and make a complete full rotation
before returning to the stable equilibrium.
Adler’s equation can be derived to describe the phase dynamics of
semiconductor lasers under external injection.
4.2 Optical Injection in a single mode laser
Injection locking in single-mode lasers has been studied extensively as
a

means

to

transfer

coherence

from

one

laser

to

another [106], [130], [131], [140], [141] or to study exitability in nonlinear
systems, for example, in quantum dot semiconductor lasers [148]. Such
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lasers can be locked to the master laser or demonstrate exitable pulses as
predicted by the Adler’s model, depending on the control parameters. These
parameters include the detuning between the frequency of the master and
the slave laser, the injection current of the slave laser and the injection
strength.
Rate equations can be used to describe the dynamics of single-mode
lasers under optical injection [173]–[175].
The rate of change of electric field complex amplitude 𝐸 and the rate of
change of carrier density N in a slave laser can be described as
1
𝐸̇ = 𝑖∆𝐸 + 2 (1 + 𝛼)(𝑁 − 1)𝐸 + 𝑅0 ,

𝑁̇ = 𝛾𝑁 [𝑁 − 𝑔𝑜 + 𝑁|𝐸|2 ] ,

(35)
(36)

where 𝛼 is the Henry factor or alpha factor, 𝛾𝑁 is the decay rate of the carriers
and 𝑔𝑜 is the pump parameter, 𝑅0 is the amplitude of the electric field of a
master laser. The steady state equation for the salve laser is
(37)

𝐸 = 𝑅𝑒 𝑖𝜑𝑠 ,

where 𝜑𝑠 is the phase of the slave laser. The rate of change of the amplitude
of electric field of the slave laser R is
𝑅̇ = (𝑁 − 1)𝑅 + 𝑅0 cos 𝜑 ,

(38)

where 𝜑 is the phase difference between master and slave laser. The rate of
change of the phase difference can be written as
1

𝜑̇ = 2 𝛼(𝑁 − 1) + ∆ −

𝑅0
𝑅

sin 𝜑 ,

(39)
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where ∆ is the frequency difference between the master and the slave laser.
Assuming the change of the electric field of the slave laser amplitude is zero,
i.e. 𝑅̇ = 0, and substituting equation (38) into (39), the change of the phase
can be reduced to
𝜑̇ = −𝛼

𝑅0
𝑅

cos 𝜑 + ∆ −

𝑅0
𝑅

sin 𝜑 .

(40)

Using trigonometric identities, we can rewrite the above equation in the form
of Adler’s equation
𝜑̇ = −√1 + 𝛼 2
Substituting 𝑎 =

𝑅0
𝑅

𝑅0
𝑅

sin[𝜑 + arctan 𝛼] + ∆ .

(41)

√1 + 𝛼 2 allows for a simplified equation
𝜑̇ = −𝑎 sin[𝜑 + arctan 𝛼] + ∆ .

(42)

Reducing (42) further, the phase term associated with the sine can be
represented

𝜃 = 𝜑 + arctan 𝛼 + 𝜋 ,
𝜃̇ = 𝜑̇ ,

(43)

sin 𝜃 = sin[𝜑 + arctan 𝛼 + 𝜋] = − sin[𝜑 + arctan 𝛼].

(44)

giving

Rewriting equation (41) by using the variable from (44) we get
𝜑̇ = −

𝑅0
𝑅

√1 + 𝛼 2 sin 𝜃 + ∆ .

(45)

When the laser is locked, 𝜑̇ = 0 in equation (45). As the value of sine can
change between ±1, the expression for locking range bandwidth Δ𝑙𝑜𝑐𝑘 is
given by [176]
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−√1 + 𝛼 2

𝑅0
𝑅

< Δ𝑙𝑜𝑐𝑘 < √1 + 𝛼 2

𝑅0
𝑅

,

(46)

where Δ𝑙𝑜𝑐𝑘 is the maximum frequency difference between master and slave
laser in Hz for locking or the width of the locking range. The locking width is
directly proportional to the square root of the injection strength. The
injection strength is the ratio of the intensity of the injected light 𝑅0 to the
intensity of light in the free running slave laser cavity 𝑅.
Substituting equations (43) and (44) into (42)
𝜃̇ = 𝑎 sin 𝜃 + Δ𝑙𝑜𝑐𝑘 .

(47)

Multiplying both sides by 1/a
𝜃̇
Δ𝑙𝑜𝑐𝑘
= sin 𝜃 +
.
𝑎
𝑎

(48)

Rewriting the left-hand side of the above equation
𝜃̇
𝑑𝜃
𝑑𝜃
𝑑𝜃
=
=
= ′,
𝑎 𝑎𝑑𝑡 𝑑(𝑎𝑡) 𝑑𝑡

(49)

∆

where 𝑎𝑡 = 𝑡 ′ , substituting 𝛿 = 𝑎 , and rearranging equation (48) using (49)
𝑑𝜃
𝑑𝑡 ′

= sin 𝜃 + 𝛿 .

(50)

Equation (50) describes the phase of the synchronized maser and slave laser
and is similar to the Adler’s mechanical model given by equation (34).
4.3 Optical Injection in a multi-mode laser
The dynamics of multimode lasers under optical injection can be
described by the same rate equations for the change of electric filed of the
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slave laser (35), and the steady state equation of the slave laser is given by
equation (37).
Assuming that there is no change in the amplitude of the slave laser,
i.e. 𝑅̇ = 0, then equation for carrier density (38) can be written as
𝑁 = 1−

𝑅0
cos 𝜑.
𝑅

(51)

If there is no change in phase, i.e. 𝜑̇ = 0, and using equation (51) and (39) the
frequency difference between master and slave laser is given by
∆= √1 + 𝛼 2

𝑅0
sin[𝜑 + arctan 𝛼] .
𝑅

(52)

For the case of the multimode laser, when N<1, only one mode can lock to the
master laser and the other modes will be non-lasing if they have no gain. In
order to maintain the single mode condition in equation (51), cos 𝜑 > 0
𝜋

𝜋

2

2

− ≤𝜑≤ .
∆

(53)
𝑅

From (52) we have, sin(𝜑 + arctan 𝛼) = √1+𝛼2 𝑅 ,
0

∆

𝑅

which means that −1 ≤ √1+𝛼2 𝑅 ≤ 1 .
0

If the frequency difference between the master and the slave ∆ goes from
−∞ to + ∞, then
𝜋

𝜋

− 2 ≤ 𝜑 + arctan 𝛼 ≤ 2 .
Solving for the phase difference 𝜑
𝜋

𝜋

− 2 − arctan 𝛼 ≤ 𝜑 ≤ 2 − arctan 𝛼 .

(54)

From (53) and (54) we have
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𝜋

𝜋

− 2 ≤ 𝜑 ≤ 2 − arctan 𝛼.

(55)

Substituting (55) in (52) gives the locking range frequency bandwidth
Δ𝑙𝑜𝑐𝑘 for the multimode laser under external injection
𝑅

𝑅

0

0

− 𝑅 ≤ Δ𝑙𝑜𝑐𝑘 ≤ 𝑅 √1 + 𝛼 2 .

(56)

From the equation (56), we can estimate the range of electric field amplitude
ratio of the slave laser to the master laser for effective locking between the
two lasers.
4.4 Coherent injection in ring cavity semiconductor laser
In this section, we experimentally examine the possibility of locking in
the long cavity semiconductor laser. The cavity length of the laser used in the
experiment was about 27m giving the cavity round trip time of ~136ns and
mode spacing of ~7.4MHz. The Fabry–Pérot bandpass filter in the cavity had
transmission bandwidth of 8GHz. Therefore, giving a possibility of ~1000
modes to lase simultaneously. This laser is an excellent tool to study nonlinear dynamics in high-dimensional systems.

Figure 25. Schematic of experimental setup of external injection into ring laser cavity fiber laser.
Tunable Laser Source (TLS) was used as external laser.
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The experimental setup to study the coherent optical injection in
semiconductor ring cavity laser is shown in Figure 25. The laser
configuration is similar to that presented in Section 3.1. The filter
transmission was controlled by applying voltage to the piezo element, and
the filter design did not allow for a long-term stability of the filter
transmission at a fixed value of the applied voltage. To solve this problem, the
filter transmission was tuned quasi-statically, at a slow frequency of 26Hz.
Quasi-static tuning of the filter allowed to select between two possible
dynamical states of the laser. As it was shown theoretically and
experimentally in Chapter 3, the long cavity semiconductor SOA laser can
operate in a chaotic or stable state regime depending on the detuning
between the lasing mode and the peak filter transmission. Therefore, by
selecting the red-tuning part of the sweep, it is possible to ensure the stable
operation of the laser in the free running regime.

Figure 26. Asymmetrical output during quasi-static filter sweep showing the location of optical injection
during red tuning.

For tuning towards the red, without injection, the laser demonstrated a
sequence of mode hops between cw regimes. The injection occurred during
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one of the steps (Figure 26).
The external injection was provided by a commercial tunable laser
source with <100 kHz linewidth and 𝜆 𝑇𝐿𝑆 = 1300.01nm. The external light
was injected into cavity using 90/10 coupler (90% input into the ring cavity).
The output frequency of the master laser was set close to the frequency of the
ring laser. The difference between the frequencies was below the resolution
of the OSA (0.01pm). The parameters used for experiment were as follows,
PTLS=1.051mW, Ith=102mA, Ibias=140mA. The filter transmission was slowly
sweeping at the frequency of 26Hz with the sweeping range of 2nm around
1300nm central wavelength.

Figure 27. (A) Intensity time trace of the sweeping laser under cw external injection. (B) The figure
shows the evolution of the power spectrum of the slave laser with respect to the master laser.

A fast-real-time oscilloscope could only capture 200µs of data at the

sampling rate of 40GSa/s, 12GHz bandwidth. This allowed to record the
dynamics during 2% of the total duration of the sweep. Figure 27(A) shows
the recorded time trace of laser intensity under injection. While the exact
value of detuning could not be measured precisely, the locking region can be
clearly identified. Therefore, it is possible to provide qualitative explanation
of the effect of coherent injection in a long cavity laser. Corresponding
amplitude spectrogram of the intensity obtained using short-time Fourier
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transform (STFT) [177], [178] is shown in Figure 27(B). Time axis for Figure
27 (A) and (B) are equivalent. Comparing Figure 27 (A) and (B), the locking
regime can be identified between 45µs and 100µs, where the laser frequency
of the long cavity laser is very close to the frequency of the cw laser. The
duration of locking region increased with the increase of the injection
power (Figure 28).
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Figure 28. Experimentally measured duration of the locking region of the slave laser depending on the
injection power of the master laser.

The detuning between cw (master) and ring cavity (slave) laser is defined as
∆= 𝑓𝑚𝑎𝑠𝑡𝑒𝑟 − 𝑓𝑠𝑙𝑎𝑣𝑒 . In the experiment, for time between 0 µs and 50µs, ∆
is negative and for time between 100µs to 200µs, ∆ is positive. As the slave
laser sweeps across the resonance to the master laser, i.e. |Δ| is close to 0, the
slave laser locks to the frequency of the master laser. Figure 29 is the 2D
representation of the time trace presented in Figure 27(A).
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Figure 29. Evolution of laser intensity over 1500 round trips showing the excitable pulses (round trips
0-300, negative detuning), locked regime (roundtrips 300-820) and frequency beating (round trips
820-1500, positive detuning).

For negative detuning, the slave laser exhibits various dynamical
regimes. At higher absolute values of detuning, the laser exhibited multiple
drops and occasionally pulses (Figure 30(A)-(B)). Figure 30(A) corresponds
to round trip 1 and Figure 30(B) corresponds to round trip 150 in Figure 29.
As |∆| increases, the pulses disappeared and the density of the drops reduced.
Just before the locking, only drops remained as shown in Figure 30(C) which
corresponds to round trip 308 in Figure 29. For positive detuning, the laser
unlocks and beat frequency between master and slave laser was observed
(Figure 30(E)-(G)). The beat frequency gradually increased from ~1.8GHz
(Figure 30(E)) to ~2.2GHz (Figure 30(G)). Figure 30(E)-(G) corresponds to
round trip 808, 1250 and 1500 in Figure 29 respectively.
In order to get the insight onto the phase dynamics of the electric filed
of the slave laser during coherent injection, one needs to reconstruct the
electric field.
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Figure 30. Series of time trace showing the dynamics of slave laser for Δ < 0 (A-C), Δ close to 0 (D) and
Δ > 0 (E-G).

4.5 Electrical field reconstruction
In the past, there were various techniques used to characterize the
field of the laser light, such as recirculating delayed self-heterodyne (DSH)
method [179], DSH technique based on Mach-Zehnder interferometer with
2×2

couplers

[180],

[181],

or

Michelson

interferometer

with

2×2 couplers [182]. These measurement techniques were able to measure
phase but with certain limitations such as very long fibre delay for
recirculating DSH method, accurate calibration and active feedback fourpoint control for DSH interferometers with 2X2 couplers.
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In the case of mode-locked lasers, the electric field was measured
using various techniques, such as Frequency-Resolved-Optical-Gating
(FROG) [183]. But these techniques are designed to measure average pulse
intensity and phase profiles of lasers with periodic dynamics which makes it
not suitable to characterize the lasers with a nonperiodic dynamics. Hence
this technique cannot be used to reconstruct electric field of quantum dot
mode-locked lasers when they emit aperiodic pulses above the
threshold [184].
To characterize the electric field of long cavity semiconductor laser,
we used the technique based on the 3X3 fibre coupler [185]. This novel
time-resolved, single-shot 3X3 heterodyne measurement technique allows
for both phase and amplitude of the electric field to be measured
simultaneously. Each output arm is made up of the combination of the two
input signal that is phase-shifted by

2𝜋
3

radians(120°) and the third input of

the 3X3 coupler is left unused. The two inputs for the 3X3 coupler were
provided by the laser under test and narrow linewidth external laser. Using
this technique, the relative phase of the laser under test to the external
reference laser can be measured, or in other words, the phase difference
between the two-laser light is measured. The electric filed 𝐸(𝑡), of the laser
can be written as
𝐸(𝑡) = 𝐴(𝑡)𝑒 𝑖∅(𝑡) ,

(57)

where ∅(𝑡) and 𝐴(𝑡) is the phase and amplitude of the laser, respectively. The
electric fields of the two input signals fed into the fibre coupler can be written
as 𝐸1𝑖𝑛 and 𝐸2𝑖𝑛 respectively. Therefore, the corresponding three output
electric field of the 3X3 the coupler, 𝐸1𝑜𝑢𝑡 , 𝐸2𝑜𝑢𝑡 , 𝑎𝑛𝑑 𝐸3𝑜𝑢𝑡 can be written as
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𝐸1𝑜𝑢𝑡 =
𝐸2𝑜𝑢𝑡 =
𝐸3𝑜𝑢𝑡 =

2𝜋

1
√3

√3

√3

(58)

2𝜋

1

1

(𝐸1𝑖𝑛 + 𝐸2𝑖𝑛 𝑒 𝑖 3 ),
(𝐸1𝑖𝑛 𝑒 𝑖 3 + 𝐸2𝑖𝑛 ),
2𝜋

(59)

2𝜋

(𝐸1𝑖𝑛 𝑒 𝑖 3 + 𝐸2𝑖𝑛 𝑒 𝑖 3 ).

(60)

Since there are only two inputs to the coupler, the 𝐸3𝑖𝑛 is always 0. The
intensity outputs were detected by the square law photodetectors and were
square of these electric fields, 𝐼𝑛 = |𝐸𝑛𝑜𝑢𝑡 |2 . The above equations can be
reduced in terms of the input amplitude and phase as follows
1

𝐼1 = 3 (𝐴12 + 𝐴22 + 2𝐴1 𝐴2 cos (𝜙1 − 𝜙2 −
1

𝐼2 = 3 (𝐴12 + 𝐴22 + 2𝐴1 𝐴2 cos (𝜙1 − 𝜙2 +
𝐼3 =

2𝜋
3

)),

(61)

)),

(62)

2𝜋
3

1 2
(𝐴 + 𝐴22 + 2𝐴1 𝐴2 cos(𝜙1 − 𝜙2 )).
3 1

(63)

where 𝜙1 and 𝜙2 are the phase of the laser under test and the reference laser
respectively. The relative phase difference between the two lasers can be
derived by using the above equations with the simple algebraic calculations
𝐼1 − 𝐼2 =

2𝐴1 𝐴2
√3

(64)

sin (𝜙1 − 𝜙2 ),

2

𝐼1 + 𝐼2 = 3 (𝐴12 + 𝐴22 − 𝐴1 𝐴2 𝑐𝑜𝑠(𝜙1 − 𝜙2 )),

(65)

1
𝐼3 − (𝐼1 + 𝐼2 ) = (𝐴1 𝐴2 cos(𝜙1 − 𝜙2 )).
2

(66)

From the above equations combining sine and cosine terms and solving for
the phase difference
√3

𝜙1 − 𝜙2 = arctan ( 2

𝐼1 −𝐼2
1
2

𝐼3 − (𝐼1 +𝐼2 )

).

(67)

The relative phase can only be measured when the frequency
difference between the tested laser and interference laser is within the
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detection bandwidth of the photodiode and the real-time oscilloscope. When
the laser under test is a narrow frequency swept-source laser and a reference
laser is narrow linewidth cw laser, a 12GHz bandwidth detection system
allows the detection of the dynamics within a range of ± 12GHz. For a
frequency swept laser with a wide sweeping range of about 100nm
(~16THz), only about 0.15% of the sweep can be measured. This limitation
can be easily overcome by using the same technique, but mixing the laser
light with its delayed version, instead of using a cw laser [186].
The experimental setup used to measure the phase of the light from
the ring cavity laser under external optical injection is presented in Figure
31. The laser output from the ring cavity laser was split into two using 50:50
coupler. One output was used to measure laser intensity whereas the other
output was mixed with the external cw laser for phase detection. Such laser
was another commercially available tunable laser source with a narrow
bandwidth (TLS2). A polarization controller was used to optimize the
polarization between the ring laser and TLS2.

Figure 31. (A) Fiber ring laser with incoherent injection. (B) Phase measurement section: 3x3 : Passive
fiber coupler; Osc: Real-time oscilloscope (12 GHz bandwidth and 40 GSa/s sampling rate) with four
identical channels recording the 3x3 (I1, I2, I3) and laser (I4) intensities; four identical 12GHz bandwidth
photodetectors were used prior to the oscilloscope.
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Before the experiment, Channels I1, I2, I3, and I4 were adjusted for
simultaneous measurement. The simultaneous measurement was calibrated
by choosing a signal with a unique constant feature and calibrate
oscilloscope’s channels time skews. The calibration compensates for the path
length

difference.

Four

identical

high-speed

DC-coupled

12GHz

photoreceivers (Newport, 1554-B) connected to the oscilloscope.
(A)
(B)

Figure 32. (A) Variation of the measured phase (blue) overlay on the time trace. Fixed phase was
observed between 42µs and 100µs indicating that slave laser is locked to master laser. (B) linewidth of
the locked region calculated using measured phase.

The result of the phase of the laser measured in the frame of the
reference laser is presented by the blue curve in Figure 32(A). During
negative detuning, between 0µs to 44µs slave laser exhibits series of drops
with random phase fluctuations (Figure 33(A)). Just before master-slave
laser locking, around 44µs, a short drop in intensity occurs which
corresponds to 2π jump in the optical phase (Figure 33(B)). The relative
phase before and after the pulse is stable indicating locking between the long
laser and the stable cw laser. During the locked regime fixed phase relation
was observed between master and slave laser (Figure 33(C)) and fixed laser
linewidth of ~200MHz was observed (Figure 32(B)). During positive
detuning, due to frequency beating smooth increase in phase in the order of
20π jump was observed (Figure 33(D)).
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Figure 33. Phase (blue line) changes during (A) positive detuning, (B) excitable pulse formation (C) cw
in locked regime and (D) negative detuning.

4.6 Conclusions
In conclusion, the locking mechanism between two electrical oscillators
was explained using Adler’s mechanical model. This model can also be
extended for laser oscillators and Adler’s equations can be used to derive and
analyze phase dynamics of a semiconductor laser under external injection.
The theoretical model was described to explain the locking width of a single
mode and multimode laser under external injection. The experimental
evidence of injection locking was presented using fiber ring cavity laser as
slave laser and external tunable laser as master laser. When the frequency
difference between masters and slave laser was close, the RF mask revealed
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appearance of the locking regime. In the locking boundary, for small negative
values of Δ, excitable pulses were observed, similar to that previously
demonstrated for QD lasers. These excitable pulses were characterized by
instant rise and fall of the intensity and 2π phase shift. Unlocking for Δ>0 was
comprised of frequency beating between master and slave laser which
gradually led to complex chaotic oscillations.
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5 Incoherent Injection in long lasers
As it was demonstrated in Chapter 3, when the fiber ring cavity laser
operates close to the threshold current, it demonstrates the formation of
localized structures characterized by the amplitude drop, as shown in Figure
34. In order to experimentally study the laser dynamics in the regime when
it emits drops, for Ith<Ib<3Ith, we introduce incoherent injection. This was
achieved by injecting counter propagating light, emitted by the tunable laser,
into the SOA. In addition, the TLS was tuned out of resonance with the filter
in order to avoid any back reflections into the ring laser cavity. Incoherent
injection alters the dynamics of the slave laser as it interacts with its carrier
density.

Figure 34. Intensity time trace of one roundtrip demonstrating multiple drops per roundtrip. I b=105mA,
Ith=102.8mA.

In the case of the incoherent injection, the frequency difference
between master and slave lasers is large enough so that the injection of the
master laser doesn’t affect the frequency of the slave laser. But instead, it
changes the carrier lifetime. The rate of change of carrier density N of the
slave laser in the presence of an electric field associated with master laser 𝐸𝐿
is given by
𝑁̇ = 𝐽 − 𝛾𝑁 𝑁 − 𝑔(𝑁 − 𝑁𝑡ℎ )[|𝐸𝑖 |2 + |𝐸𝐿 |2 ],

(68)
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where J is the pump power, 𝛾𝑁 is the carrier decay rate, 𝑔 is the differential
gain and 𝐸𝑖 is the electric field associated with the slave laser. Rearranging
equation (57) to separate the individual parameters gives
𝑁̇ = 𝐽 − 𝛾𝑁 𝑁 − 𝑔(𝑁 − 𝑁𝑡ℎ )|𝐸𝑖 |2 − 𝑔(𝑁 − 𝑁𝑡ℎ ) |𝐸𝐿 |2,
𝑁̇ = [𝐽 + 𝑔𝑁𝑡ℎ |𝐸𝑖 |2 ] − (𝛾𝑁 + 𝑔|𝐸𝑖 |2 )𝑁 − 𝑔(𝑁 − 𝑁𝑡ℎ ) |𝐸𝐿 |2,

(69)

𝐽𝑒𝑓𝑓 = 𝐽 + 𝑔𝑁𝑡ℎ |𝐸𝑖 |2.

(70)

𝛾𝑒𝑓𝑓 = 𝛾𝑁 + 𝑔|𝐸𝑖 |2.

(71)

where 𝐽𝑒𝑓𝑓 is the effective pump power and 𝛾𝑒𝑓𝑓 is the effective change of the
carrier lifetime. The presence of incoherent injection allows for the
stabilization of the drops (Figure 35). The injection power Pinj is the power
measured at the output of the TLS.

Figure 35. Time trace of one roundtrip demonstrating more clear representation of drops in the
presence of incoherent injection. Ib=128mA, Ith=112mA and injection power Pinj=2mW.

5.1 Measurement of bifurcation map
While the laser configuration was similar to the previous (Figure 25),
some modifications were done to introduce external injection into the
cavity (Figure 36). The laser operated in a quasi-static regime, the filter
central transmission was set at 1300nm scanning around 2nm at scanning
speed of 10Hz. The externally injected field was provided by a commercial
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tunable laser source (TLS) with <100kHz linewidth, which was operating at
1297nm, outside of the filter bandwidth. An optical circulator was introduced
into the cavity next to the SOA in order to provide the injection. The isolators
just after SOA ensured that the injected light did not propagate further in the
cavity and did not contribute to the lasing mode. The light in the cavity was
propagating in the clockwise direction as indicated by the black arrow while
the electric field of the injected laser was propagating counterclockwise. The
external light injected from TLS influenced the carrier density inside the SOA
and acted as a depletion laser by reducing the carriers available for
amplification of laser light in ring the cavity. Incoherent injection increases
the threshold of the ring cavity laser and decreases the laser efficiency.

Figure 36. Schematic of the experimental setup of incoherent injection into a ring cavity fiber laser. TLS
light was injected counter-propagating the light in the laser cavity. An optical isolator before SOA
ensures no light from TLS was leaking further into the cavity.

Bifurcation map (Figure 37) illustrates the thresholds for the lasing
regimes depending on the bias current and the injection power. The lasing
threshold current values at various levels of injection power is shown by blue
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dots. No lasing occurred below these values of the bias current. Above the
lasing threshold, the laser could operate in four different dynamical regimes.
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Figure 37. Bifurcation map.

For the range of parameters corresponding to the area between the blue and
orange colored lines (Regime 1), the laser exhibited multiple intensity
dropouts per roundtrip similar to those shown in Figure 35. These intensity
dropouts remained stable over many roundtrips. The evolution of the laser
intensity at each round trip for 100 consecutive round trips is shown in
Figure 38(D). In this regime, the direction of the tuning of the filter
transmission did not influence the laser dynamics. Similar multiple dropouts
per roundtrip were observed for both blue (Figure 38(B)) and red (Figure
38(C)) tuning.
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Figure 38. Regime 1: (A) Time trace of the full sweep with period of 100ms. Ith= 112mA, Ib=128mA,
Pinj=2mW. The red line indicates the direction of the tuning of the filter transmission. Laser intensity
during one round trip in blue tuning (B) recorded at 20ms and red tuning (C) recorded at 70ms.
(D)Intensity evolution of the stable drops over 100 round trips.

Regime 2 corresponds to the area between orange and gray lines. In
this regime the laser still emitted the drops, but the number of drops per
roundtrip was different for blue and red detuning. As the bias current
increased, the number of drops for blue detuning was increasing Figure
39 (B) and (C). For red detuning, the number of drops per round trip
decreased Figure 39 (D) and (E). At higher bias current, it was possible to
observe one drop per round trip Figure 39 (F).
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Figure 39. Regime 2: (A) Time trace of the full sweep with period of 100ms. The red line indicates the
direction of the tuning of the filter transmission (0-50ms tuning towards the blue, 50-100ms towards the
red ). Ith= 108mA, Ib=182mA, Pinj=2mW. Laser intensity during one round trip (B) and its corresponding
evolution over 100 round trips (C) recording at 22ms during blue tuning. Laser intensity during one
round trip (D) and its corresponding evolution over 100 round trips (E) recording at 75ms during red
detuning. (F) a single drop per round trip for red detuning, Ith= 112mA, Ib=225mA, Pinj=2mW.

The asymmetrical output of the ring cavity laser was first observed in
Regime 3 (Figure 40(A)). The area between orange and gray lines in
bifurcation map corresponds to the regime where laser exhibits bi stability.
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The power is almost constant for both directions of the sweep. During red
detuning ring laser behaved as cw with intermittent mode hops (Figure
40(D)). During the blue detuning several drops were observed (Figure
40(B)). The evolution of these drops over 100 consecutive round trips
recorded at 25ms is shown in Figure 40(C).

Figure 40. Regime 3: (A) Time trace of the full sweep with period of 100ms showing the asymmetrical
laser output. Ith= 108mA, Ib=240mA, Pinj=2mW. (B) Drops observed over one round trip during the blue
detuning recorded at 25ms and the (C) evolution of these drops over 100 roundtrips. (D) A set of almost
cw operation regimes intermitted by mode-hops (steps) during the red shift.

Regime 4, Ith= 108mA, Ib=275mA, Pinj=2mW, no drops were observed in
this regime. The laser behaves cw during red detuning and fast fluctuation
chaos during blue detuning of the filter transmission wavelength. The
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behavior of the laser in this regime is similar to the behavior of ring cavity
laser operating in quasi-static mode which is explained in section 3.3.
The next subsections focus on analyzing the dependency of bias current
and filter modulation on formation of the drops.
5.2 Influence of the laser parameters
5.2.1 Injection current
Next, the average number of drops per roundtrip was measured at
various bias current values. The power of the depletion laser was kept
constant at 2mW. The laser was set to operate at quasi static regime where
filter transmission was swept at 10Hz. The central wavelength of the filter
transmission was centered at 1300nm and scanning range was about 2nm.
The cavity round trip time was ~127ns for ~25.4m cavity length. The
number of drops per roundtrip was measured and recorded for both positive
(red) and negative (blue) detuning.
For the red detuning, as the bias current increased, the number of
drops per roundtrip decreased and then the laser operated in cw regime. This
is illustrated in Figure 41. The red dots indicate the number of drops per
roundtrip as the bias current increased. The lasing threshold was Ith=108mA.
For the bias current above 230mA no drops were observed, and the laser
stayed in cw regime, which corresponds to regime 4 in Figure 37.
For the blue detuning, the number of drops was increasing, until the
cw region between the drops reduced below the duration of the drop leading
to chaotic output. The laser demonstrated chaotic output at Ib above 270mA.
Figure 42 shows the increase of the density of drops ((A) and (B)), their
merging (C) and subsequent chaotic output (D) as the current increased.
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Figure 41. Experimentally measured evolution of the population of drops per roundtrip depending on
the SOA bias current for the redshift (red dots) and the blue filter shift (blue dots). Measured for the
laser cavity of 25.4m which corresponds to 127ns roundtrip time. The filter was quasi-statically tuned at
10Hz within the range of 2nm at 1300nm central wavelength. The injection power corresponded to
2mW TLS output power.

Figure 42. Increase in bias current. (A) 160mA. (B) 210mA. (C) 240mA. (D) 270mA.
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5.2.2 Modulation of the filter
The influence of the amplitude of the sweep on the dynamics of the
drops were studied. The bias current was kept low (Ith=102mA, Ib=114.3mA)
so the drops were observed throughout the entire sweep irrespective of the
sweep direction, making the laser to operate in regime 1 (Figure 37). The
sweep frequency was fixed and maintained constant at 700mHz. The
amplitude of the filter modulation voltage was changed such that the
sweeping range was increased from 4.70nm to 35.29nm. The estimated
sweep rate change corresponding to the scanning range was from ~8nm/s to
69.7nm/s.

Figure 43. Increase of the amplitude of the sweeps. (a) 4.70nm. (b) 11.76nm. (c) 23.53nm. (d) 35.29nm.
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The presence of the filter induces the formation of the drops.
Therefore, it is interesting to study, how can the filter speed influence the
drops dynamics. In order to study the effect of the sweeping speed, the filter
transmission sweeping rate has to be changed. It can be done either by
increasing the modulation frequency or scanning range.

Figure 44. Increase of the sweeping speed. (a)10Hz (b)50Hz (c)100Hz (d) 300Hz

The observed drops were also influenced by sweeping frequency of
the filter. The sweeping range remained unchanged 11.76nm. The bias
current of the SOA was kept low (Ith=102mA, Ib=138.4mA) for the laser to
operate in regime 1. With the increase in frequency of the filter sweep the
number of drops increased (Figure 44(A-C)). When the frequency was
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increased as high as 300Hz, the laser was no longer emitting drops but chaos
(Figure 44(D)).
The next subsections focus on characterizing and explaining the
localized structures observed in regime 1 and 2.
5.3 Experimental characterization of the drop
Here we concentrate on the regime where one drop is observed per
round trip time. Drops are temporally stable. Figure 39(E) shows a 2D
diagram of the evolution of the laser intensity during one roundtrip
containing a single drop which remained stable for more than 1500
roundtrips. The recorded time was limited by the oscilloscope memory. On
the 2D diagram, the blue line corresponds to the drop while the dark yellow
lines indicate small intensity fluctuations. These small intensity fluctuations
also remain stable in the cavity and propagate at a speed exceeding the speed
of the drop, as indicated by the difference in their slopes. Each drop can be
described as an abrupt reduction of the intensity below the cw level, but not
reaching zero, the width of the drop is about 1ns, and there is some turbulent
structure at the bottom of the drop. These turbulent oscillations may have
various intensity modulation, and in some cases the amplitude of the
oscillations can reach the level of cw region. The selected time trace of the
drop at various round trips are shown in Figure 45.
Another possible scenario where the main drop seeds a separate
unstable structure, which consists of a narrow drop and pulse pair
propagating away from the main structure, is shown in Figure 46. As the pair
moves away from the main drop, the amplitude of intensity fluctuations
decreases. With the current experimental setup, we could not control the
appearance of such structures.
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Figure 45 Time trace showing the evolution of drop at different round trips. This stable pulse maintains
its drop depth and the constant phase change.

Figure 46. Examples of a drop seeding a drop-peek pair. 2D diagram zoomed on the pulse demonstrates
10 ns of 138 ns roundtrip.

To get the insight onto the electric field evolution during the drop, the
phase of the electric field was measured using the electric field
reconstruction technique. The phase measurement was done using the same
technique discussed in section 4.5. The measured phase and a intensity trace
of one such drop is shown in Figure 47. The blue curve in Figure 47(A)
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reveals that the phase change is over about 7π which corresponds to the
optical frequency change of about 3GHz. The phase portrait in Figure 47(B)
shows the periodicity of the event over 10 consecutive roundtrips.

Figure 47. (A) Zoom of one single drop (black) and its 7π phase shift (blue). (B) Phase portrait
corresponding to the similar ten consecutive drops.

The pulse pair away from the main drop gradually reduced its amplitude
(Figure 48(A)). The heterodyne measurement of the pair and the main drop
showed the change in frequency before and after the formation of pulse pair
as shown in Figure 48(B).

Figure 48. (A) Time trace of a drop with intensity fluctuation. (B) corresponding heterodyne signal.
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5.3.1 Gain measurement
The observed drops in the ring cavity laser system are characterized
by sudden narrow dip in amplitude. This dip may also be formed due to
variations in the gain of SOA. To understand the dynamics of gain during the
formation of the drops we estimate the gain fluctuation as the laser emits the
drop. The experimental setup is shown in Figure 49. Photodetector
connected to channel 1 (ch1) of the oscilloscope was used to record the laser
output from 50/50 coupler whereas photodetector connected to
channel 2 (ch2) was monitoring the light from SOA through an arm of the
circulator (red). The TLS served as a probe light to examine the gain changes
in the SOA. The oscilloscope skew timing settings were adjusted to
compensate for optical path length differences for the same drop before and
after amplification.

Figure 49. Schematic of laser system used to analyze gain dynamics of SOA. Black arrow indicates the
direction of light propagation in ring laser whereas red arrow indicates the direction of light from probe
laser.

The carrier density in the SOA remains constant when the ring cavity
laser emits a cw output and as a result the TLS experiences a constant gain.
However, the carrier density suddenly increases when the ring laser exhibits
a power dropout, and as a result the TLS is suddenly amplified. Such behavior
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is shown in Figure 50(from 1ns to 2ns, black curve) where it was observed
that the light from TLS had an intensity spike (Figure 50(from 1ns to 2ns,
blue curve)), indicating an increase of the gain of the SOA. This shows that
the drops are not formed due to loss of gain in the SOA.

Figure 50. Amplitude and gain profile of slave laser during the formation of a drop. TLS (blue) acts as
probe laser to measure the change in gain within SOA.

5.3.2 Pulse stability
The propagation of the drop through the laser cavity was studied to
show the influence of the filter and the gain medium on the shape of the drop.
An additional 90/10 SMF output coupler was introduced between the
circulator and the isolator before the filter whose 10% output tap was
connected to another channel of the same oscilloscope via similar photodiode
in order to record the intensity of the pulse after amplification of the SOA
(blue curve in Figure 51). The intensity of the pulse after its propagation
through the filter was recorded via the 50/50 coupler. Oscilloscope channels
skew was adjusted in order to simultaneously observe the same pulse as it
exits both the filter and the amplifier. The recorded time trace multiplied by
the total losses introduced by the filter, isolator and the coupler are
represented by the orange curve in Figure 51.
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As we have seen, the carrier density increases when the power of the
laser drops out. This leads to a change of refractive index due to the alpha
factor and, as a result, leads to a blue shift of the laser frequency during the
dropout as shown in Figure 47. Since such a frequency shift is on the same
order of magnitude as the filter bandwidth, then the amplification within the
drops is prevented by the filter as shown in Figure 51. Such behavior explains
why the power dropouts remain stable.

Figure 51. Propagation of the drop before and after the filter. Blue: before the filter. Red: after the filter.

5.3.3 Destabilization of the drop
The presence of incoherent injection at higher bias current of about
2.5Ith, allowed for recovery of the drop destabilization event. Figure 52 is a
2D plot showing the evolution of drop at each roundtrip for upto 1450
roundtrip. This process occurred over several roundtrips. At each round trip
the drop width narrowed and its depth reduced.
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Figure 52. 2D plots of the laser drop disappearance. (A) Top left-temporal evolution illustrating the
death of the pulse. (B) Top right zoom of the dying pulse, illustrating the fluctuations in its width and
depth.

As the drop depth reaches the critical value before extinction, the localized
region with small intensity modulation remained. The selected time trace of
the drop at several round roundtrip’s is illustrated in Figure 53, which
illustrates several stages of the drop destabilization event.

Figure 53. The individual 6 time-trace on several selected roundtrips illustrating the change in width
and depth of the drop as it disappears.
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Before the drop went extinct, its width was decreased gradually. The
width of the drop was calculated by measuring its full width at half minimum
at each roundtrip (Figure 54). The plot in Figure 55(A) shows the change in
the drop pulse-width over several round-trip time. After about 700
roundtrips the width increased rapidly, indicating that drop no longer exists
and the laser operates in the cw regime. A similar extinction pattern can also
be observed when the depth of the drop was monitored with respect to
roundtrips (Figure 55B).

Figure 54. Graphical representation of drop width and depth of the drop.

Depth of the drop was calculated by measuring its lowest intensity
point (Figure 54). At around 700 roundtrip’s the depth of the drop decreases
rapidly into intensity modulation. The time difference between two drops
which are 200 roundtrips apart was measured before intensity modulation
(Figure 56 (A)) and during intensity modulation (Figure 56 (B)). This time
difference was used to calculate drop occurrence time per roundtrip ∆𝑡. The
velocity ratio between drop (𝑣1 ) and intensity modulation (𝑣2 ) was
calculated by
𝑣1 = (

∆𝑡2
)𝑣 ,
∆𝑡1 2

(72)
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where ∆𝑡1 is the time shift of the drop over 200 roundtrips and ∆𝑡2 is the time
shift of the intensity modulation, remaining after the drop disappeared, over
200 roundtrips. The velocity of the intensity modulation was 2.25 times
slower than the drops.

Figure 55. Extinction rate of the drop. (A) Width of the drop. (B) Depth of the drop.

Figure 56. Drop occurrence time difference between two drops at 200 roundtrips apart before intensity
modulation (A) and during intensity modulation (B).

5.4 Theory
To numerically model the experimentally observed drops we use DDE model
of an FDML laser based on equations (30) and (31) described in section 3.6.
The parameters used for simulation are detailed in Table 3. We are looking
for robust solutions by sweeping the central frequency of the filter quasistatically using the function ∆(𝑡) = 5 sin(𝜔𝑡) with 𝜔 = 2 × 10−9 for total
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time interval 𝑡 ∈ [0,8 × 108 ]. Then we continue simulation with constant
∆ = 5 sin(1.6) for 𝑡 ∈ [0,8 × 108 , 9 × 108 ] to obtain a stable pulse train with
several drops of electrical field intensity |𝐴|2 (𝑡) per cavity round trip (Figure
57(A)). To demonstrate that the drops are heteroclinic connections between
different stable modes in Figure 57(B) we have zoomed the parts of the of
intensity time trace around the plateau levels of approximately 1-4 lasing
modes. These modes occur at different plateau levels with intensity
difference of about 1.6 × 10−7 and connecting different points in time.

Parameter

Symbol

Value

Spectral filter width

Γ

1

carrier relaxation rate in SOA

𝛾

0.1

Attenuation factor

𝜅

0.2

Linewidth enhancement factor

𝛼

2

Pump parameter

𝑔0

1.7

Table 3. Numerical parameters used to simulate the drops.

Figure 57. (A) Single round-trip of a stable solution with multiple drops during a round-trip. (B)
Magnified difference between plateau levels of the solution at times 𝑡 ≈ 600 and 𝑡 ≈ 1000. Here, the
difference between intensities of neighbouring lasing modes is around 1.6 × 10−7 , which accounts for
the difference in plateau levels.
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In order to study single drops in more detail, we were looking for a stable
solution that has only one drop per round trip. We were able to achieve that
in

the

same

system

𝜂 = 0.0001, α = 1.9, φ = − α

by
logκ
2

starting

with

weak

injection

, simulating equations (30) and (31) for

𝑡 ∈ [0, 107 ], then switching off injection 𝜂 = 0, and reducing gradually α to
α = 1.24 till 𝑡 = 2 × 107 , and then continuing with fixed α = 1.24 till
𝑡 = 108 . Using this procedure, we obtained single drop solution depicted in
Figure 58.

Figure 58. (A) Temporal evolution illustrating the stability of a single drop per round trip. (B) Shapes of
the drop at different relative times: 𝑡 = 𝑡0 (solid black), 𝑡 = 𝑡0 − 12𝜏 (blue dash dotted),
𝑡0 = 18𝜏 (red dashed).

Figure 59. Weakly chaotic orbits of equations (30) and (31), where ∅(𝑡) is the phase of the field 𝐴(𝑡).
Stars denote various lasing modes. The color bar corresponds to the number of times the trajectory was
near the point (𝑙𝑜𝑔10 ).
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In Figure 58 (B) we can observe how the shape of the drop changes with
time, demonstrating that the drop is not strictly periodic despite its regular
appearance at each round-trip. Furthermore, from Figure 59 we can see that
the orbit is weakly chaotic and stays most of the time near the fourth stable
lasing mode. Note, that for the considered parameters only around 22 modes
for positive frequencies are stable, other modes are unstable due to weak
modulational instability [88].
5.5 Conclusions
Experimental observation of localized structures in fiber ring cavity laser
was presented. These structures are characterized by the localized dip in the
amplitude along with the wave train moving at a constant speed and exhibits
change in phase. The 3 different dynamical regimes of the ring cavity lasers
were mapped depending on the depletion power and the SOA bias current.
In these dynamical regimes, a stable localized structure which exist for
several hundred of round trip was identified. The 3X3 interferometric
technique which is used to measure the relative phase of the laser was
presented. This interferometric technique was used to measure the phase of
the localized structures. The phase portrait shows no change in the mode
before and after the formation of the localized structures. The presence of the
hole in the cavity indicates the maximum gain at a given bias current. The
stability of the hole was analyzed, any tiny fluctuations in the intensity were
observed to have change in the frequency corresponding to each change in
the intensity. Depending on the bias current and depletion power, an
unstable hole was also observed. The unstable hole disappeared after few
hundred round trips by gradually narrowing the width of the hole and
reducing its depth. The influence of the laser parameter such as Injection
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current and filter modulation frequency was studied to understand the
evolution of laser output from cw operation to chaos operation.

6 Turn on transient
Studying the transients of semiconductor lasers during its turn-on is of
interest from the non-linear dynamics point of view. The onset of several
instabilities that include coherence collapse and low-frequency fluctuations
are observed during the laser turn on [187]–[189]. Experimental observation
of laser timing jitters was made during the turn-on of the semiconductor
lasers [190] which was essential in several applications such as optimizing
high speed data communication links, where these jitters interfere with
system performance by inducing bit rate errors [191].
When the laser system is turned on, it takes certain time before stable
lasing occurs. For a laser to turn-on, the gain must compensate losses in the
cavity. This can be achieved by providing sufficient pump power. After the
pump is on, spontaneous emissions occur, which is a random quantum
mechanical process [192] resulting in random fluctuations of the
spontaneous light density before the coherent radiation starts to build up via
stimulated amplification. Understanding the evolution of laser light from the
moment when the pump signal is switched on to the moment when stable
lasing is reached provides the insights on dynamics involved in conserving
the coherence in the laser light.
When the gain of a semiconductor laser is switched to the value above
the threshold, the laser light emissions starts with relaxation oscillation
(Figure 11). Relaxation oscillations are the characteristic phenomena of most
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solid-state lasers, semiconductor lasers and certain other type of laser
systems. When the recovery time of the excited state population inversion is
substantially longer than the laser cavity decay time, relaxation oscillations
are observed [193]. Class A lasers (Vis HeNe, Ar-Ion, dye lasers) which has
lower upper state life time than cavity damping time, do not display
relaxation oscillations [194]. Solid state lasers and semiconductor lasers
operate in class B regime, where life time of the upper state in conduction
band is larger than the cavity damping time [195]. The relaxation oscillations
will gradually form steady state lasing. A relatively low frequency oscillations
(~kHz) are observed in solid state lasers [196], but semiconductor lasers
exhibits high frequency (~GHz) relaxation oscillations which are damped
strongly and display stable output [197], [198]. Class C lasers (Infrared HeNe
lasers, NH3 lasers, Ne-Xe lasers) display sustained relaxation oscillations and
at times chaotic oscillations [199].
To analyze the turn on transient, the laser had to be switched on and off
periodically. It is required to control the gain of the SOA in order to measure
laser intensity during turn on. The gain of the laser can be controlled in two
ways Q-switching and gain switching.
6.1 Q-switching
Q-switching is a technique designed to control the gain to produce the
pulsed output. The quality factor for a laser cavity, defined as for any damped
oscillator, defines how well the laser cavity can preserve its energy. Qswitching is achieved by adding a variable attenuator into the laser's optical
resonator. When the attenuator is activated, the Q factor decreases and the
laser is below its lasing threshold. The attenuation inside the cavity
corresponds to a decrease in the Q. A high Q factor corresponds to low
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resonator losses per roundtrip, and vice versa. The variable attenuator is
commonly called a "Q-switch", when used for this purpose. During the Qswitching, the gain is pumped to build up more substantial population
inversion by decreasing the cavity feedback (low Q). At certain time the
population inversion reaches its maximum level which is said to be gain
saturated. Once the gain saturation is achieved, the cavity feedback is
restored by switching into high Q. The result of this switch is a short highpower burst of single short laser pulse which lasts for few tens of
nanoseconds.
Practically, Q-switching can be achieved by either active or passive
methods. For active Q-switching, acousto-optic or electro-optic modulators
are used to periodically open the gate. In passive Q-switching, a saturable
absorber is used to self-modulate the losses. When the gain reaches sufficient
level, the saturable absorber transmits a portion of light in the form of pulse.
6.2 Gain switching
Another approach to control the laser gain is gain switching. Gain
switching is achieved by direct modulation of the bias current of the laser.
This technique is also used to produce optical pulses and optical frequency
combs [200]–[203]. Gain switching technique was first introduced in 1980 in
the context of relaxation oscillation phenomenon [204]. During the
relaxation oscillation, carriers and photon density exhibit a transient
response with damped oscillations before reaching a stable state with cw
light emission (Figure 11). During gain switching, the laser is forced to
operate in this non-linear regime, by modulating the bias current around the
laser threshold value (Figure 60). When the bias current is increasing, the
carrier density is increasing, but the photon density doesn’t develop until the
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carrier density reaches its threshold. Then the photon density rapidly
increases through the recombination. When the bias current is decreasing
and its value drops below threshold, the carrier density starts to deplete
which results in reduction of photon density and forms an optical pulse. The
bias current is modulated before the second oscillating peak of the photon
density, enabling the first peak of relaxation oscillation to be excited. By
repeating this process, an optical train of pulses can be generated at the rate
of the bias current modulation frequency.

Figure 60. Illustration of gain switching principle.

6.3 Experiment
In order to study the turn on transient of the long cavity laser, the gain
of the laser was modulated by the use of external optical injection (Figure
61). The experimental setup is similar to the one presented in Section 3.1.
The light from the commercial TLS with <100 kHz linewidth was injected
counter-propagating to the light circulating in the ring cavity laser. The
injected light only interacted with carriers of the SOA and did not contribute
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to the lasing mode in the cavity. An additional 90:10 coupler was used for
spectral monitoring.
The

TLS

power Ptls= 1mW and

was

modulated

by the

second channel (Ch2) of the SG. The amplitude of the modulation signal was
5Vpp and modulating frequency was 5.5kHz. With this modulation
frequency, 200µs of time trace was captured at 40GSa/s sampling rate. The
TLS was turned off for ~160µs, enough for ring cavity laser to reach stable
state. The wavelength of the TLS was close to the central transmission
wavelength of the ring cavity laser filter in order to maximize the periodic
damping.

Figure 61. Experimental setup used to study turn on transient of the ring cavity laser. TLS was
periodically modulated by signal generator (SG). 3 port circulators was used to inject light from TLS into
ring cavity laser.

The idea behind the gain switching operation is to gain access to the
initial few microseconds of the laser turn on time. When the TLS was on, the
light injected into the gain medium removed carriers which in turn
suppressed the lasing activity in the ring cavity laser (Figure 62, from 0 to
~12µs and from ~180µs to 200µs). When the TLS was off, there was no light
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injected into SOA hence the lasing was not interrupted (Figure 62, from
~12µs to ~180µs). The modulated gain establishes initial conditions of
spontaneous emissions which lasing was built-up and in turn, deployed
control over the signal that will develop into a continuous wave lasing
operation.

Figure 62. Time trace of laser gain switching. From 0 to ~12µs and from ~180 to 200µs the ring cavity
laser was turned off. Between ~12µs to ~180µs the ring cavity laser was turned on. The red line indicates
the average of the fluctuating electric field.

When the TLS was turned off, it was observed that the ring cavity laser
took few microseconds to begin lasing. The time trace of one such event is
shown on Figure 63.
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Figure 63. Closer look at the startup of the ring cavity laser. Red line indicated the average of fluctuating
electric field. Laser build up happens at steps. Each step corresponds to one cavity round trip time
(~127ns).

Building up of laser occurs in the form of steps, and each step corresponds to
one round trip time which is ~127ns. The electric field of these steps was
measured using similar interferometric technique discussed in section 4.5.
Using the measured phase, phasor plots were made to understand the change
in phase in course of laser build-up.

101

Turn on transient

Round trip 1

Round trip 2

Round trip 3

Figure 64. Time trace (left) and its corresponding phasor plots (right) of first 3 roundtrips.

The phasor plot corresponding to the first few round trips (Figure 64)
show the chaotic oscillations. The electric filed was due to spontaneous
emissions and exhibited random phase change. It took the laser few 100’s of
roundtrips to fully resume into cw operation due to stimulated emissions.
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The laser builds up at each round trip contributed to stable cw emission of
light. After several 100’s round-trip time phasor plots were well-defined ring
indicating the operation of cw. A smooth consistent rotation of electric filed
in its real and imaginary plain can be seen in Figure 65.
Round trip 500

Round trip 1000

Figure 65. Time trace and its corresponding phasor plots for roundtrip 500 and 1000.

6.4 Conclusions
In conclusion, the ring cavity laser turn-on dynamics were analyzed. An
external tunable laser was used to inject into the SOA of ring cavity laser in
counter-propagating direction such that any modulation applied to the TLS
did act on the gain modulation in SOA. When the TLS was on the gain in the
SOA was suppressed and vice versa. This modulation facilities to establish
initial condition from which laser build-up. It was observed that the laser
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build-up in ring cavity laser occurs in steps and each step corresponds to one
cavity round trip time. Laser light gets amplified at each pass-through SOA
and gradually forms into cw light. The phasor plots of the initial few round
trip time show chaos oscillations indicating spontaneous emissions activity.
After few hundred round trips phasor plots showed smooth oscillations
which indicates the cw operation of the ring cavity laser.
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7 Conclusions
In this thesis, a detailed analysis of the dynamics of a long cavity
semiconductor swept-source laser under external injection is provided.
Swept source lasers are widely used in Optical coherence tomography for
medical imaging, which is a non-invasive technique enabling in vivo imaging
of soft biological tissues. Swept source OCT has demonstrated technical
advancement over all other kinds of OCT. Improvements include increased
sensitivity, faster acquisition speeds and resolution which made it possible
to capture volumetric images of ocular tissues at a depth resolution of a
micrometer. The operating wavelength for OCT is similar to the telecom
wavelength. This gives an added advantage to expand its area of application.
The most common components of a swept-source laser are a gain medium, a
wavelength selective mechanism, an output coupler, and a cavity connecting
all these components. Most of the swept source lasers currently available are
driven by a semiconductor gain medium. The advantage of semiconductor
gain medium is their versatility in the selection of a central wavelength and a
large gain bandwidth >100nm which provides micron-scale resolution. The
instantaneous linewidth, along with the coherence length, defines the
maximum imaging depth of the swept source OCT. The narrow instantaneous
linewidth of a swept source is required for longer OCT imaging depths.
Therefore, understanding the coherence properties in a swept-source laser
plays a crucial role for OCT applications.
In this thesis, a fiber ring based swept-source laser, consisting of SOA as
gain medium and a Fabry–Pérot bandpass filter as tuning mechanism, has
been studied. The laser cavity was ~25.4m, with a cavity round trip time of
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~127ns. The filter was tuned to operate the laser at 1300nm central
wavelength. The laser can operate in three possible modes: static, quasistatic and FDML mode. In the static mode the filter transmission was fixed at
a certain wavelength. In quasi-static mode the filter was slowly swept
(~10Hz) across 2nm with a central wavelength of 1300nm. In FDML mode
the period of filter was synchronized with cavity round trip time. In order to
achieve this synchronization an optic fiber delay line of 20km was inserted
into the cavity. The laser was operated at ~10kHz sweep rate across 2nm at
1300nm central wavelength.
When the laser operated in static mode, a series of drops was observed
at a bias current close to its threshold value. When the bias current was
increased by ~3times the drops disappeared and the laser operated in cw
regime. This cw operation was destabilized with a slight blueshift of the filter
transmission, but with a slight redshift of the filter transmission the cw
operation was again re-stabilized. When the laser was set to operate at longer
wavelengths (> 1319nm), the output always remained chaotic.
When the laser was set to operate in quasi-static mode, the laser showed
a bi-stable state between cw and chaos. The chaotic operation was observed
when the filters central wavelength decreased due to a non-zero α value of
the gain medium. A series of power dropouts (change between steady states)
were observed when the filters central wavelength was increased. Each
steady state corresponds to a new mode. As the filter moved further, the
existing mode lost its stability, and another stable mode started to lase from
spontaneous emission, effectively limiting the sweeping speed. This speed
limitation was overcome by introducing FDML regime.
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FDML laser operation is similar to the quasi-static operation except the
filter sweep rate is synchronized with inverse of the cavity round trip time.
This synchronization was achieved through optical storage of each mode in
the long cavity, eliminating the need for mode generation from spontaneous
emission. For an FDML laser to operate at 10kHz, approximately 20km of
optical delay was required. The theoretical models based on delay
differential equations and the simulations agreed well with the experimental
results.
Optical injection was performed to gain understanding of the dynamics
of a long cavity swept source laser in the presence of an external laser. Optical
injection is a process in which light from one laser (master laser) is injected
into the cavity of another laser (slave laser). When the frequency difference
between the master and the slave laser is sufficiently small, the slave laser is
forced to oscillate at the same frequency as the master laser. This
phenomenon is called injection locking. The optical injection process was
explained using Adler’s mechanical model analogy. The theoretical models
describing injection locking in terms of the frequency difference between the
master and the slave laser were explained for both single and multimode
lasers. This locking phenomenon was observed experimentally by using a
fiber ring cavity laser as a slave laser and an external tunable laser as a master
laser. The power spectrum obtained from the experimental heterodyne time
trace shows no change in the frequency when the master and the slave laser
are locked but shows a frequency slope when it is unlocked. The time trace
analysis revealed the presence of excitable pulses at the locking edge, which
are characterized by a sudden rise and a steep drop of the intensity
corresponding to 2π phase shift. Further development of external optical
injection in a long cavity laser technique can lead to finding a way to stabilize
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the laser and, potentially, eliminate the formation of turbulent regions
appearing in the FDML regime.
The fiber ring cavity swept source laser was subjected to incoherent
injection in order to characterize the dynamics of the laser depending on the
bias current. Incoherent injection is a process of optical injection, in which
the injected master laser does not contribute to the mode propagation within
the slave laser cavity. The external tunable laser was used as master laser and
injected directly into the gain of the slave laser. Since the master laser was
injected in the counter-propagating direction and far away from filter
transmission wavelength, it did not contribute to the mode propagation
within the slave laser cavity but interacted with the carrier density within the
gain medium. Any light leaking from the other side of the SOA was blocked
by 32dB isolators. Under incoherent injection 4 different thresholds regimes
were mapped based on the depletion power given by the master laser and
the bias current of the SOA. In Regime 1, stable holes were observed. In
Regime 2, the laser still emitted the drops, but the number of drops per
roundtrip was different for blue and red detuning of the filter transmission.
In Regime 3, stable drops were observed for the blue detuning and cw
operation was observed for the red detuning. In Regime 4, no drops were
observed. The laser operated in cw regime during red detuning of the filter
transmission wavelength and demonstrated chaotic operation during blue
detuning of the filter transmission wavelength.
The drops observed are similar to Nozaki-Bekki holes, created due to
nonlinear excitation and were predicted by non-linear Schrodinger equation.
These holes are characterized by a localized dip in the intensity, moving at
constant speed, and exhibit a phase change. These holes are generally
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unstable which marks the onset of turbulence or chaos in the system.
However, stable localized structures were observed in the fiber ring cavity
swept-source laser. These structures had phase shift of about 7π and could
be seen to remain stable for as long as 1500 round trips (the value of 1500
round trips was limited by the oscilloscope memory). The carrier density
increases when the power of the laser drops out. This leads to a change of
refractive index due to the alpha factor and, as a result, leads to a blue shift of
the laser frequency during the dropout. Since such a frequency shift is on the
same order of magnitude as the filter bandwidth, then the amplification
within the drops is prevented by the filter keeping the drops stable. The
phase measurement was made by employing the 3X3 interferometric
technique. This technique involves mixing the laser output with external
reference laser inside a 3X3 coupler which provides a fixed phase
relationship between the 3 of its output arms. The theoretical simulations
supported the experimental observations.
At higher bias current, it was possible to record the event of
destabilization of the hole. The unstable hole disappeared after a few
hundred roundtrips. The extinction of the hole occurred via gradual
narrowing of the width of the hole and reduction of its depth. The presence
of the filter induces the formation of the drops. When the filter sweeping
range and sweeping frequency was increased the number of drops per round
trip increased and eventually laser operated in chaotic regime. Since the filter
properties influence the laser dynamics, in particular the presence of the
filter introduces Nozaki-Bekki holes, the next step is to investigate the
influence of filter width on the stability of the drops.

109

Conclusions

Next, the turn on transient of long cavity laser was experimentally
studied. An external tunable laser was used to inject into the SOA of the ring
cavity laser in a counter-propagating direction, such that any modulation
applied to the TLS would in turn modulate the gain in the SOA. Periodic
injection of the TLS into the SOA gain suppressed the carrier density,
producing gain modulation. When the TLS was on, it suppressed all the gain
within the SOA resulting in no lasing action within the ring cavity laser. When
the TLS was turned off, the ring cavity resumed lasing. The lasing built up in
the form of steps, with each step corresponding to the length of one cavity
round trip time. The first step was the spontaneous emission of the SOA,
filtered by the filter in the cavity. This emission was repeatedly amplified at
each roundtrip as the light was passing through the gain medium. The cw
regime was reached after a few hundred roundtrips. The phasor plots for the
first few round trips illustrate chaotic oscillations, indicating spontaneous
emission. After a few hundred round trips the phasor plots show smooth
circular oscillations indicating cw operation of the ring laser. Next, a more
detailed study of the electric field evolution and optical spectrum dynamics
during the turn on can be investigated using the 3x3 coupler-based
interferometric technique of the electric field reconstruction. This can help
to understand the origin of the Nozaki-Bekki holes and understand if the
formation of stable or chaotic output of the laser can be controlled.
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